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Kurzfassung 
In den letzten Jahrzehnten wurden beträchtliche Mengen anthropogener Verbindungen in die 
Umwelt eingetragen. Das Spektrum der ökologischen Auswirkungen ist immens und reicht 
dabei über eine Vielzahl von Kontaminationen aus verschiedenen Quellen (z.B. direkte 
Belastungen von Industrieabwässern und indirekte Belastungen durch auf landwirtschaftlichen 
Nutzflächen ausgebrachten Dünger und Pestizide). Vor allem das aquatische System ist im 
Fokus zahlreicher Studien, da es für das menschliche Leben unabdingbar ist. 
Es fehlt an Wissen über die Umweltbelastung anthropogener Schadstoffe in den 
verschiedenen Matrizes (Wasser, Abwasser und Klärschlamm). Einige dieser anthropogenen 
Verbindungen benötigen wegen ihres potentiellen Risikos für die aquatische Umwelt 
besondere Aufmerksamkeit. Daher stehen die (öko-) toxikologischen Effekte mehrerer 
Verbindungen in Bezug auf die verfügbaren Informationen über ihre ökologische Bedeutung 
(z. B. Persistenz, Bioakkumulationspotential), ihre mögliche Anwendung oder Verwendung 
und ihr Auftreten im Umweltsystem im Fokus der vorliegenden Arbeit. 
Aus diesem Grund wurden einfache Multiparameter-Verfahren für die Analyse eines Satzes 
von Bioziden in verschiedenen Umweltmatrizes entwickelt. Für die Bestimmung in 
ausgewählten Probensätzen wurden acht Zielsubstanzen (Triclosan, Methyltriclosan 
(Transformationsprodukt von Triclosan), Cybutryn (Irgarol) und die Azolfungizide 
Propiconazol, Tebuconazol, Imazalil, Thiabendazol und Cyproconazol) ausgewählt. Für 
Oberflächenwasser- und Abwasserproben wurde eine Festphasenextraktion (solid phase 
extraction) und für Klärschlammproben eine beschleunigte Lösungsmittelextraktion 
(accelerated solvent extraction) entwickelt. Die Extrakte wurden mittels 
gaschromatographisch-massenspektrometrischer Verfahren (GC/ MS) analysiert sowie die 
analytischen Methoden überprüft. Eine ausreichende Empfindlichkeit wurde über den 
Vergleich der Grenzwerte der Quantifizierung (limits of quantification) mit den vorhergesagten 
Nicht-Effekt-Konzentrationen (predicted no effect concentrations) der ausgewählten Biozide 
ermittelt und erstellt. Für die Überprüfung der Qualität wurden entsprechende 
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Wiederfindungsraten ermittelt. Schließlich wurden die entwickelten Methoden aufgrund der 
Anwendung auf Probenmaterial aus verschiedenen Matrizes überprüft und validiert.  
Die Probenahme erfolgte in sieben kommunalen Kläranlagen und den entsprechenden 
angeschlossenen Oberflächengewässern. Die Ergebnisse zeigen, dass die entwickelten 
Extraktionsverfahren effektiv und einfach sind und die Bestimmung eines breiten Spektrums 
von Bioziden in verschiedenen Umweltkompartimenten ermöglichen. 
Darüber hinaus wurden gaschromatographisch-massenspektrometrisch-basierte Screening-
Analysen durchgeführt, um organische Kontaminationen identifizieren zu können und um 
Informationen über die Vielfalt der einzelnen Verbindungen aus verschiedenen Kläranlagen, 
mit unterschiedlichen Eigenschaften (Wasserdurchfluss und Kapazität), zu liefern. Die 
Analysen wurden durchgeführt, um eine Charakterisierung ihres Umweltverhaltens zu 
erhalten. 
Es wurden Abwasserproben aus Kläranlagen in Deutschland, Wasserproben aus den 
entsprechenden Oberflächengewässern und Klärschlämmen aus Kläranlagen in Bayern und 
Nordrhein-Westfalen in Deutschland sowie Kläranlagen in China, für den Vergleich mit einem 
anderen Land, analysiert. Die Kläranlagen repräsentieren verschiedene Kapazitäten mit bis zu 
1.130.000 Einwohneräquivalenten. Es konnten zahlreiche Substanzen in den Proben 
identifiziert werden. Ausgewählte Substanzen werden in Bezug auf verfügbare Informationen 
zu ihrer Umweltrelevanz (z.B. Persistenz), ihrer möglichen Anwendung oder Verwendung und 
ihrem Auftreten im Umweltsystem diskutiert. Basierend auf den Ergebnissen dieser Studie ist 
es zwingend erforderlich, Non-Target-Screening-Analysen als ein Instrument zur 
Identifizierung der Vielfalt anthropogener organischer Bestandteile festzulegen und weitere 
Untersuchungen in spezifischen Verbindungen vorzunehmen. 
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Abstract 
In recent years huge amounts of anthropogenic compounds were introduced into the 
environment. The range of ecological impacts is immense, ranging from a variety of 
contaminations by different sources (e.g. direct pollution by sewage from industries and 
indirect pollution by fertilizers and pesticides on agricultural land). Especially the aquatic 
system is in focus of several studies as it is indispensable for human life. 
There is a lack of knowledge regarding the environmental pollution of anthropogenic 
contaminants in the diverse matrices (water, wastewater and sewage sludge). Several of these 
anthropogenic compounds need special attention, because of their potential risk to the aquatic 
environment. Therefore, the (eco) toxicological effects of several compounds with respect to 
available information about their environmental significance (e.g. persistence, bioaccumulation 
potential), their possible application or usage and their occurrence within the environmental 
system are in focus of this study. 
Therefore, simple multi-parameter methods for the analyses of a set of biocides in various 
(waste)water matrices were developed. Eight target substances (triclosan, methyltriclosan 
(transformation product of triclosan), cybutryne (Irgarol) and the azole fungicides 
propiconazole, tebuconazole, imazalil, thiabendazole and cyproconazole) were chosen for 
determination in selected sample sets. For surface water and wastewater samples a solid-
phase-extraction (SPE) method and for sewage sludge samples an accelerated solvent 
extraction (ASE) were developed. The extracts were analyzed by gas chromatographic-mass 
spectrometric methods (GC/MS) and the analytical methods were checked to ensure sufficient 
sensitivity by comparing the limits of quantification (LOQs) to the predicted no effect 
concentrations (PNECs) of the selected biocides. For quality control recovery rates were 
determined. Lastly, developed methods were checked and validated by application on sample 
material from various matrices. Sampling took place in seven municipal wastewater treatment 
plants (WWTP) and their corresponding receiving waters. The results revealed that the 
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developed extraction methods are effective and simple and allow the determination of a broad 
range of biocides in various environmental compartments.  
Additionally, gas chromatography-mass spectrometry-based screening analyses were 
performed in order to identify organic contaminants and to reveal information on the variety of 
individual compounds from different wastewater treatment plants with varying characteristics 
(water flow and capacity). The analyses were performed in order to obtain a characterisation 
of their environmental behaviour.  
Wastewater samples from wastewater treatment plants in Germany, surface water samples 
from corresponding receiving waters and sewage sludge samples from wastewater treatment 
plants in Bavaria and North-Rhine-Westphalia in Germany and wastewater treatment plants in 
China, for a comparison with another country, were analyzed. The wastewater treatment plants 
represented various capacities up to 1,130,000 population equivalents.  
Numerous substances were identified in the samples. Selected contaminants are discussed 
according to available information about their environmental relevance (e.g. persistence), their 
possible application or usage and their occurrence within the environmental system. Based on 
the results of this study, it is mandatory to establish non-target screening analyses as a tool 
for the identification of the variety of anthropogenic organic constituents and to engage further 
investigations in specific compounds.  
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1 Introduction 
Surface water systems are habitats for flora and fauna and are paramount for the biodiversity 
and thus a sensitive ecosystem amidst the industrialized and technologized world. Human life 
is dependent on finite freshwater resources, especially surface water systems. The protected 
surface water objects are essential sources for drinking water, irrigation, transportation and 
even for recreation.  
Despite their great importance surface waters and their ecosystems are increasingly impacted 
by anthropogenic influences which manifests in the introduction of municipal and industrial 
wastewater discharge into these river water systems. The majority of organic chemicals 
including biocides, pesticides, fragrances, plasticizers, surfactants and their transformation 
products are hazardous to the living environment. Many of these anthropogenic pollutants that 
are discharged into the aquatic environment are still inadequately explored whereby their fate 
and effects are not well-known.  
The risk of pollution of water systems is a global problem (Kolpin et al., 2002 and Xu et al., 
2007) that urgently requires monitoring concepts and corresponding solutions. Modern human 
life and increasing industrial sectors consume and release indefinite amounts of chemicals of 
different structural and chemical complexities. Every day approximately 2 Mio. t wastewater, 
industrial and agricultural waste, are discharged into the world’s water systems (UN WWAP, 
2003). The UN estimates that the sum of annually produced wastewater is about 1,500 km3, 
six times more water than exists worldwide in all rivers (Geissen, et al., 2015). Even during 
industrialization and technologization, in the mid-19th century, recognition of the harmful effects 
as well as the persistence of anthropogenic organic substances was achieved. This was 
followed by the construction of first wastewater treatment plants (WWTP) in Germany for the 
handling of urban and industrial wastewater. Furthermore, process technologies of WWTP 
have been developed continuously until now for the degradation of wastewater constituents.  
Up to 2015 more than 100,000 chemicals are registered in the European Union. However, only 
insufficient knowledge is available on the amount that is actually utilized and even less is 
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known about the amounts that reach the ecosystem through waste disposition (Loos, et al., 
2009 and Kong, et al., 2015).  
To ensure the quality of drinking water, a continuously and comprehensive monitoring of 
organic trace substances and their behavior is necessary. In Germany the monitoring of 
surface water phase is well established and carried out according to the Water Framework 
Directive (WFD; 2000/60/EC, EC, 2000), daughter directives (2008/105/EC, EC, 2008 and 
2013/39/EU, EU 2013) and the German surface water ordinance (OGewV 2011). Several 
organic compounds are already covered by these regulations as relevant environmental 
pollutants and some studies have already focused on their occurrence in various 
environmental compartments.  
The increasing sensitivity of analytical methods allowed to increase the number of detectable 
organic pollutants (Schwarzenbach, et al., 2010). However, the knowledge on the prevailing 
contamination is still limited because only selected of anthropogenic compounds are analyzed 
by the more widely established target analysis methods. Thus, in the future a broader 
simultaneous monitoring of multiple targets is the choice of research and application. 
Therefore, the current study demonstrates both screening methods and the selective 
quantification of organic pollutants in various matrices. The different types of analyses are: 
- specific method development for a broad range of biocides in various matrices 
(target screening) 
- Non-target screening of wastewater and surface water samples from various 
wastewater treatment plants and corresponding receiving waters 
- Non-target screening of sewage sludge samples from various wastewater treatment 
plants 
Additionally the results are set in relation to general characteristics of the various WWTP, for 
example capacity and water flow. 
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1.1 Aims and overview of the current study 
The aim of the study is a better knowledge of distribution of organic constituents in various 
(waste)water matrices using different screening methods. In this study surface water, 
wastewater and sewage sludge samples from municipal WWTP in Germany and China and 
corresponding receiving waters are analyzed using target screening and non-target screening 
methods. An overall picture of the approach of this thesis is displayed in figure 1. 
In a first step of this study basics of the environmental compartments are described (chapter 
2.1) followed by an overview of anthropogenic loads in different matrices (chapter 2.2). 
Afterwards treatment procedures of wastewater treatment plants are displayed (chapter 2.3). 
Thereon various approaches of analyses are characterized (chapter 2.4) and biocides are set 
in relation to anthropogenic loads in the environment (chapter 2.5) (s. fig. 1).  
In the following section, the chapters three, four and five are briefly described. 
Chapter 3: Simple multi-parameter methods are developed for the analyses of selected target 
biocides in abiotic matrices of various environmental compartments (wastewater, surface 
water and sewage sludge) for measurement and monitoring activities. For surface water and 
wastewater samples a solid-phase-extraction (SPE) method and for sewage sludge samples 
an accelerated solvent extraction (ASE) are developed. These methods are verified and 
validated by application on sample material from various matrices. 
Published as Wluka, A.; Schwarzbauer, J.; Rüdel, H.; Pohl, K.; (2016). Analytical method 
development for the determination of eight biocides in various environmental compartments 
and application for monitoring purposes. Environmental Science and Pollution Research. 
Chapter 4: Non-target screenings of wastewater from wastewater treatment plants of varying 
capacities and from corresponding receiving waters are carried out to identify a broad range 
of organic pollutants. Various load profiles are identified depending on the capacity of 
wastewater treatment plants, the flow rates of receiving waters and individual treatment 
procedures.  
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Submitted and accepted for publication as Wluka, A.; Schwarzbauer, J.; Coenen, L.; (2017). 
Screening of organic pollutants in urban wastewater treatment plants and corresponding 
receiving waters. Water Sciene & Technology. 
Chapter 5: Non-target screening methods are conducted to identify a broad range of 
anthropogenic organic pollutants at different locations in Germany and China from sewage 
sludge samples. Various load profiles can be identified depending on specific characteristics 
of wastewater treatment plants. 
Scheduled to publish as Wluka, A.; Huang, Y.; Coenen, L.; Dsikowitzky, L.; Schwarzbauer, J. 
(2017). Variety of organic constituents in sewage sludge samples from Germany and China. 
 
Figure 1: Schematic representation of this study and indication of chapters. 
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2 Theoretical basics 
2.1 Environmental compartments 
In this section the studied matrices are classified into the overall environmental system and 
delineated from further environmental matrices. Air, water, soil, sediment and biota are the 
main environmental compartments connecting and affecting each other by numerous 
interactions (s. fig. 2). These include predominantly transport, transfer and transformation 
processes. The environmental compartments atmosphere (gaseous phase and rain water), 
urban areas (wastewater, WWTP, influent, effluent, sludge) and natural environment (surface 
water, sediment and soil) and their interactions are displayed in figure 2. The fate of the 
compounds depends on the chemical and physical characteristics of the substance as well as 
of the environment they are occurring and deposited in. Especially the influence of oxygen 
plays a major role in the degradation of these compounds. Thus reaction surroundings are 
classified in aerobic and anaerobic compartments. Most anthropogenic organic substances 
reveal individual degradation pathways within aerobic and anaerobic conditions. While 
aqueous phase represents the aerobic compartment, sediment and sewage sludge 
correspond to anaerobic environment. 
The entry of organic substances in the aqueous phase occurs either punctual or diffuse. Point 
sources discharge compounds into the environment directly, for example by waste deposits, 
industrial activities or by urban wastewater treatment plants. Diffuse sources discharge 
compounds due to transport processes on various scales, for example atmospheric deposition 
(exhaust gases of motor traffic) or surface and street runoff and it is difficult to determine 
possible entry routes (Bester, 1996 and Holt, 2000). According to the application of chemicals, 
the entry into the environment occurs directly, for example during the use of pesticides or 
indirectly by WWTP (Müller, et al., 2011). 
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Figure 2: Interactions between various environmental compartments (adapted from Bergé, et al., 2012). 
 
Currently, more than 1,000 emerging substances, their metabolites and transformation 
products, are listed in the European aquatic environment (NORMAN network, 2016). 
“Emerging substances” can be defined as substances that have been detected in the 
environment, but which are currently not included in routine monitoring programs at EU level 
and whose fate, behavior and (eco) toxicological effects are not well understood (NORMAN 
network, 2016). The effects of emerging substances strongly depend on their properties, such 
as volatility, polarity, persistence and adsorption processes (Geissen, et al., 2015).  
Anthropogenic contaminants are ubiquitously distributed and the transport occurs through 
aqueous phase and by incorporation in therein suspended solids and as well in particulate 
phase as in sediment (Kronimus, et al., 2004 and Heim, et al., 2004). Additionally to the high 
bioaccumulation potential of several organic pollutants their environmental relevance is 
justified especially in their potential carcinogenic, mutagenic and endocrine disrupting 
properties (Djomo, et al., 2004 and van der Oost, et al., 2003). Moreover their environmental 
fate is of concern (degradation, sorption at the sediment, transport). Organic contaminants 
may have significant impacts of biodegradation and transformation processes which in turn 
impact the aqueous phase. Biodegradation processes can vary significantly and depend on 
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organism communities that are able to transform contaminants through metabolic networks 
(Geissen, et al., 2015). 
2.2 Anthropogenic load in (waste)water matrices 
In chapters 2.2.1., 2.2.2 and 2.2.3 information about the anthropogenic load in wastewater, 
surface water and sewage sludge is displayed to get an overview about the contamination in 
these various matrices. 
2.2.1 Wastewater 
In Germany urban wastewater consists of approximately 51 % municipal and industrial waste 
water, 26 % polluted rainwater and of 23 % of extraneous water (Destatis, 2013). Wastewater 
constituents range from pharmaceuticals and food additives, surfactants from detergents and 
constituents of personal care products from daily use to pesticides and technical additives, 
which are used in agricultural and industrial sector, respectively. Synthetically produced 
compounds are partially degraded but mostly insufficient due to their complex structures. This 
leaves transformation products which are as harmful and sometimes even more so, as the 
parent compound in the environment. 
Before the 1980s there was relatively less information, compared to actual data, about the 
structural variety of anthropogenic organic contaminants passing through wastewater 
treatment plants (Rogers, 1996). In recent years the occurrence and fate of contaminants (e.g. 
pharmaceuticals, personal care products, flame retardants and plasticizers) in surface water 
and wastewater of industrialized countries, such as in Europe, North America and Australia, 
have been widely investigated and well documented (Jelic et al., 2011; Kasprzyk-Hordern et 
al., 2009; Lillenberg et al., 2009; McClellan and Halden, 2010; Radjenovic et al., 2009). 
Concentrations of physiologically active substances in wastewater range from lower LOD up 
to 1,500 ng L-1 (Clara, et al., 2004; Moreira, et al., 2015; Cabeza, et al., 2012). For example 
diclofenac concentrations from 50 to 500 ng L-1 were identified by Moreira et al. (2015) and 
Cabeza et al. (2012). The substance 2-ethylhexyl p-methoxy cinnamate was detected below 
or next to the LOD of 10 ng L-1 (Negreira et al., 2010). Substances from the group of technical 
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additives have been identified with concentration from lower LOD up to 2,000 ng L-1 (Kasprzyk-
Hordern et al., 2009; Lillenberg et al., 2009; Rodil et al., 2005). Several groups of substances 
have already been thoroughly examined in relation to their identity (e.g. pesticides used as 
plant protection products). However, many anthropogenic substances in terms of their 
behavior, their conversion and their effects in the aquatic environment are mostly unexplored 
(Dsikowitzky, 2002). 
2.2.2 Surface water 
In recent years an increasing number of emerging pollutants (e.g. pharmaceuticals and 
plasticizers) have been detected in surface water (e.g. Schwarzbauer et al. 2002; 
Schwarzbauer and Ricking 2010). The fate and occurrence of contaminants in this 
compartment have been widely explored and well documented (e.g. Lillenberg et al., 2009). 
Not only the parent compound but also their transformation products are ubiquitously present 
in surface water (Loos et al., 2009). Most of the compounds, such as pharmaceuticals, 
biocides, flame retardants and plasticizers, enter the surface water system via treated and 
untreated wastewater (Reemtsma et al., 2006). The compound 
hexa(methoxymethyl)melamine (HMMM) from the group of technical additives could be 
detected with high concentrations in river systems (e.g. Eberhard et al., 2015). 
Pharmaceuticals and personal care products could be detected in surface waters at 
concentrations reaching single ng L-1 (Kasprzyk-Hordern, et al., 2009). The concentrations of 
nicotine and its metabolite cotinine from the group of pharmaceutical products ranged from 
lower LOD up to 300 ng L-1 (Buerge et al., 2008). Diclofenac concentrations in sewage sludge 
ranged from lower 0.5 up to 260 ng L-1 (Kasprzyk-Hordern, et al., 2009). Several organic 
contaminants are persistent and are not eliminated during wastewater treatment and enter the 
surface water system (Clara et al., 2005 and Petrović et al., 2003). 
2.2.3 Sewage sludge 
Sewage sludge is one outcome of wastewater treatment from various sources including 
households, industrial sector, medical services, street and house runoff and further businesses 
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(Harrison et al., 2006). As such, sewage sludge may contain several anthropogenic organic 
contaminants, for example pharmaceuticals, plasticizers and flame retardants, personal care 
products and biocides. Several organic contaminants accumulate in sewage sludge and were 
not fully degraded during wastewater treatment because of their physicochemical properties 
(Schnaak et al., 1997). Due to demographic changes the quantity of sewage sludge increased 
rapidly around the world (Lillenberg et al., 2009). Furthermore, the presence of trace chemicals 
in sewage sludge has been investigated in several studies over the last decades (e.g. Fytili 
and Zabaniotou, 2008, Eriksen et al., 2009 and Jones et al., 2014). The concentrations of 
organic contaminants in sewage sludge ranged from μg kg-1 to mg kg-1 level (Gobel et al., 
2005; Golet et al., 2003; Jelic et al., 2011). Concentrations of the synthetic fragrance galaxolide 
were in range of 200 mg kg-1 dw (Ternes et al., 2004; Stevens et al., 2003). The concentrations 
of tris (2-chloroisopropyl) phosphate from the application group of technical additives could be 
identified with concentrations in the range of 2 mg kg-1 dw (e.g. Bester, 2005). However, the 
usage of sewage sludge as agricultural fertilizer and soil conditioning material is direct to an 
economic solution for the vast amount (Wilson et al., 1996). Due to high concentrations, the 
usage as agricultural fertilizer proposes a higher risk.  
2.3 Wastewater treatment plants 
The anthropogenic load in various matrices, which is outlined in chapter 2.2, depends also on 
characteristics of wastewater treatment plants (WWTP). Anthropogenic contaminants are not 
fully eliminated in municipal WWTP, therefore numerous investigations on the elimination of 
these compounds have been carried out in the last years (Schnaak, et al., 1997). Several 
studies displayed the significance of WTTP as point sources for organic contaminants to the 
environment (Vogelsang, et al., 2006). Contaminants may pose a risk to receiving waters and 
aquatic organisms and consequently also for drinking water. The occurrence of contaminants 
depends on specific treatment steps at the WWTP (Vogelsang, et al., 2006). Three 
conventionally used steps for wastewater treatment are (1) mechanical (also called physical), 
(2) biological and (3) chemical. The (4) fourth purification stage describes an additional process 
step in wastewater treatment that serves for further purification of the treated wastewater, for 
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example the elimination of micro pollutants (Fraunhofer UMSICHT, 2015). However, there are 
four technical procedures as approaches for eliminating organic pollutants in the (4) fourth 
treatment step. These include membrane filtration, ozone, biological degradation with UV 
radiation and adsorption with activated carbon (World Times Online-Magazin, 2013). WWTP 
investigated in this study are municipal and industrial WWTP with three treatment steps for 
wastewater (mechanical, biological and chemical). The WWTP represent various capacities 
and characteristics (e.g. water flow). 
2.4 Different approaches of analyses 
In chapters 2.4.1 to 2.4.3 three different approaches of analysing the complex matrix 
(waste)water are displayed. 
2.4.1 Method development 
The determination, occurrence and fate for a broad range of substances of emerging 
environmental concern in the aquatic environment are topics of increasing attention in recent 
years. For several of these anthropogenic pollutants, occurrence, risk assessment and eco-
toxicological data are limited and, therefore, difficult to predict what harmful effects they may 
have on humans and the environment (Arp, 2012, Hernando et al., 2011 and Dsikowitzky, 
2002). Currently, a main objective is the analyses and evaluation of these substances in 
various matrices in order to generate information about their fate, occurrence and behavior. In 
this regard, the analyses of wastewater samples are significant and pre-requisites for 
evaluation including risk-assessment. Thus, screening analyses are powerful tools to obtain 
information on the current situation of pollution. Analytical methods have to be sensitive as 
demanded by relevant risk assessment and additional the methods have to be very simple to 
keep the measurements fast and cost effective. Thus, allowed widespread application and 
dissemination to numerous laboratories and institutions. One important aspect regarding the 
development of the simple multi-parameter methods within this study is the viability for a broad 
range of compounds and various matrices. Because of different physical and chemical 
properties, the development of simple analytical methods appropriate for several biocides is a 
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huge challenge. Critical or sensitive analytical steps are in particular the extraction as well as 
the determination methods. Two main detection systems are appropriate: (1) liquid 
chromatography-mass spectrometry (LC/MS) and (2) gas chromatography-mass spectrometry 
(GC/MS) systems. The combination of various enrichment procedures with the coupling of 
GC/MS allows low limits of detection and quantification. Though, GC/MS is a preferable used 
method for the analysis of nonpolar anthropogenic organic contaminants (Barceló and 
Petrovic, 2007). By derivatization steps also polar chemicals can be determined by GC/MS. 
However, derivatization processes are usually complicated and time-consuming (Hernando et 
al., 2004). 
2.4.2 Target screening analyses 
Target screening methods are conducted in small scales with only specific compounds but 
also in large scales with over hundreds of contaminants and their metabolites. The latter 
method aims for simultaneous analyses especially in environmental samples providing a highly 
time saving alternative to single target screening. In the past decade numerous methods for 
the screening of organic contaminants in the aquatic environment have been reported (e.g. 
Weigel et al., 2001, Nödler et al., 2010 and Schwarzbauer and Heim, 2005). 
2.4.3 Non-target screening analyses 
Until now, most studies of organic chemicals in various matrices have focused on a limited 
number of priority pollutants, because the widespread non-target screening for hundreds of 
organic chemicals is a technical and financial challenge. However, such broad screening 
methods are urgently needed for the evaluation of water quality and pollution sources and to 
allow the implementation of sustainable management strategies (Kong et al., 2015). 
2.5 Biocides in the environment 
Selected biocides are used for target-screening analyses in this study. The group of 
substances is described to place them in an environmental context. “Biocidal products are 
used to control unwanted organisms that are harmful to human or animal health, or that cause 
damage to human activities. These harmful organisms include pests (e.g. insects, rats or mice) 
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and microorganisms (e.g. moulds or bacteria).” (European Commission, 2016) Biocides are 
widely used in various materials such as wood, plastics and textiles for protection against e.g. 
fungicidal and microbial infestation. Several biocidal compounds are also used as active 
ingredients of pharmaceuticals and personal care products (e.g. Peng et al. 2012; Liu et al. 
2015; Giráldez et al. 2013; Schnug et al. 2014) and many biocides are also approved as plant 
protection products (Umwelt Bundesamt, 2015).  
The global market for biocides was estimated to 7.2 billion dollar in 2010 and is expected to 
reach 9.4 billion dollar by 2016. The biocide market square is displayed in figure 3. North 
America has the largest share with 45 %. Europe and Asia-Pacific states share equal parts 
with around 25 % and other countries cover only 5 %. These usages for biocidal products are 
governed in the European Union under the Biocidal Products Regulation (BPR (EU) 528/2012). 
 
Figure 3: Global biocide market by geography (adapted from MarketsandMarkets, 2010). 
 
Biocides have been detected in various environmental compartments, such as surface and 
wastewater and sewage sludge, due to high amounts of usage and low degradation rates. 
Biocidal products can have adverse effects on the aquatic environment and therefore for 
human life (e.g. Bester 2005 and Heim et al. 2004 b). Concentrations up to several ng/L have 
been detected in WWTP for numerous biocides, such as triclosan, cybutryn and tebuconazole 
(e.g. Wick et al. 2010; Öllers et al. 2001; Wluka et al. 2016). For several biocides an inadequate 
13 
 
knowledge of their fate and behavior exist, hence, the comprehensive establishment of 
monitoring measurements is very important (Kahle and Nöh 2009 and Rüdel and Knopf 2012).  
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3 Analytical method development for the determination of eight biocides in various 
environmental compartments and application for monitoring purposes 
 
 
Abstract 
Main objective of this study was the development of simple multi-parameter methods for the 
analyses of biocides in various environmental matrices (wastewater, surface water and 
sewage sludge) for measurement and monitoring activities. Eight target substances (triclosan, 
methyltriclosan (transformation product of triclosan), cybutryne (Irgarol) and the azole 
fungicides propiconazole, tebuconazole, imazalil, thiabendazole and cyproconazole) were 
chosen for determination in selected sample sets. For surface water and wastewater samples 
a solid-phase-extraction (SPE) method and for sewage sludge samples an accelerated solvent 
extraction (ASE) were developed. The extracts were analyzed by gas chromatographic-mass 
spectrometric methods (GC/MS) and the analytical methods were checked to ensure sufficient 
sensitivity by comparing the limits of quantification (LOQs) to the predicted no effect 
concentrations (PNECs) of the selected biocides. For quality control recovery rates were 
determined. Finally, developed methods were checked and validated by application on sample 
material from various matrices. Sampling took place in seven urban wastewater treatment 
plants and their corresponding receiving waters. The results revealed that the developed 
extraction methods are effective and simple and allow the determination of a broad range of 
biocides in various environmental compartments. 
3.1 Introduction 
Biocides have received increasing attention as potential emerging contaminants in recent 
years considering their broad usages as e.g. antifungal agents for wood, renders, coatings and 
other (construction) materials. These uses are governed in the European Union (EU) under 
the Biocidal Products Regulation (BPR (EU) 528/2012). However, some biocidal compounds 
are also used as active ingredients of pharmaceuticals and personal care products (e.g. Peng 
et al. 2012; Liu et al. 2015; Giráldez et al. 2013; Schnug et al. 2014). It has to be mentioned 
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that many biocides are also approved as plant protection products (PPP). It is assumed that 
the amounts detected in wastewater and WWTP effluents mainly originate from biocidal use 
of the respective compounds. Biocides were detected in wastewater, in surface water, in fish 
as well as in sediments and sewage sludge. In receiving waters they can have adverse effects 
(e.g. Bester 2005; Heim et al. 2004; Liu et al. 2015 and Singer et al. 2010) and even low 
concentrations of biocides might have negative impacts on the aquatic environment (Wilson et 
al. 2003 and Wick et al. 2010). The transport through wastewater treatment plants (WWTP) is 
one major pathway for the contamination of surface waters with biocides (Kupper et al. 2006). 
If WWTP have limited effectiveness in eliminating biocides from wastewater, they may act as 
point sources to the aquatic environment (Singer et al. 2010). Elimination rates depend on the 
technical capabilities of the wastewater treatment plant systems and were for example for 
triclosan in range of 58 to 99 % (McAvoy, et al. 2002; Lindström, et al., 2002) and for 
propiconazole in range of 8 to 24 % (Van De Steene et al. 2010). Concentrations up to several 
ng L-1 were detected in WWTP for numerous biocides (e.g. Wick et al. 2010; Öllers et al. 2001). 
For several biocides an inadequate knowledge of their fate and behavior exists, hence, the 
comprehensive establishment of monitoring measurements is very important (see Kahle and 
Nöh 2009 and Rüdel and Knopf 2012). 
In Germany the monitoring of surface water phase is well established and carried out according 
to the Water Framework Directive (WFD; 2000/60/EC, EC 2000), daughter directives 
(2008/105/EC, EC 2008 and 2013/39/EU, EU 2013) and the German surface water ordinance 
(OGewV 2011). Several organic substances, including some biocides (esp. cybutryne and 
propiconazole), are already covered by these regulations as relevant environmental pollutants 
and some studies have already focused on their occurrence in various environmental 
compartments. Since the number of currently used biocides is relatively high, a limitation to 
the most relevant active substances is an essential prerequisite for efficient monitoring actions. 
Accordingly, in previous projects numerous biocides were prioritized for the relevance of 
monitoring and were selected from a large amount of data (e.g. Bürgi et al. 2009). Basic 
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aspects for a prioritization are the assessments of emission relevance and (eco) toxicological 
effect relevance as well as the identification of relevant matrices (Rüdel and Knopf 2012). From 
the set of compounds prioritized by such an approach triclosan and its transformation product 
methyltriclosan were chosen for monitoring in this study. According to the prioritization both 
compounds are relevant for a monitoring in surface water, wastewater and sewage sludge. 
The selection of compounds covered in the current study was dominantly based on a 
prioritization. For the other chemicals the major reason for inclusion was a recent change of 
the approval of cybutryne (Irgarol) for the application in certain biocidal product types and the 
consequences for the use of compounds which could serve as possible substitution chemicals 
(i.e. azole fungicides used in similar products as cybutryne). Thus it was intended to provide a 
method which allows following the possible changes of concentration levels in environmental 
media induced by this regulatory decision. Dominantly based on these considerations the 
following eight biocides were selected for monitoring purposes in this study: triclosan, 
methyltriclosan (transformation product of triclosan), cybutryne (Irgarol) and the azole 
fungicides propiconazole, tebuconazole, imazalil, thiabendazole and cyproconazole. 
Triclosan and azole fungicides were traced in various environmental compartments in several 
studies (e.g. Bester et al. 2008 and Chen et al. 2012). Triclosan has been detected in surface 
water and sewage water in various countries such as Germany (Wick et al. 2010), USA 
(McAvoy et al. 2002) and Switzerland (Lindström et al. 2002) with concentrations up to 2,000 
ng L-1. In sewage sludge samples triclosan has been detected with concentrations up to 2,800 
ng g-1 (dry weight) (Wick et al. 2010). The assessment of cybutryne in the context of the EU 
biocides review program ((EC) 1062/2014) as a substitute for the highly toxic and endocrine 
disrupting organotin compounds (including tributyltin) in antifouling paints on ships for product 
type (PT) 21 was currently finalized. Until 2011 it was also ingredient of material protection 
agents (PT 7, 9 and 10) and was used, among other products, in facade protection and 
insulation material (continuous leaching even years after application/installation expected). 
Because of expiry of marketability of protection agents containing cybutryne other active 
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agents are now used for these applications. Some of these potential substitutes are azole 
fungicides such as propiconazole and tebuconazole. Azole fungicides could be detected at low 
ng L-1 concentrations levels in different environmental matrices as well (e.g. Wick et al. 2010 
and Kahle et al. 2008). 
Only a few studies on the occurrence of biocides in various matrices, extracted by multi-
parameter methods and analyzed by GC/MS methods, were performed so far. Therefore, the 
objective of this study was the development of simple multi-parameter methods for a broad 
range of biocides in various environmental matrices for easy application in numerous research 
laboratories and institutions. The developed extraction methods have subsequently been 
applied to wastewater, surface water and sewage sludge samples, to prove their applicability 
for the detection and identification of the selected biocides for monitoring purposes. 
Two azole fungicides propiconazole and cyproconazole have two chiral centers. On this 
occasion diastereomer ratios were calculated to get an indication on possible microbial 
transformation. 
3.2 Materials and methods 
3.2.1 Chemicals and reagents 
The reference materials triclosan (purity ≥97.0 %), methyltriclosan (purity 99.1 %), cybutryne 
(purity 98.4 %) and imazalil (purity 99.7 %) were purchased from Sigma-Aldrich, Germany. 
Further reference materials propiconazole (purity 99 %), tebuconazole (purity 98.5 %), 
thiabendazole (purity 99 %) and cyproconazole (purity 98.5 %) were purchased from Dr. 
Ehrenstorfer, Augsburg, Germany. Additional information is summarized in Table (Tab.) 1. The 
isotope labelled internal standards triclosan-D3 (purity 97 %), triclosan-methyl-D3 (purity 99 
%), imazalil-D5 (purity 97.6 %), thiabendazole-NH-D6 (purity 98 %), tebuconazole-D6 (purity 
95 %) and propiconazole-D5 (purity 99 %) were all purchased from Dr. Ehrenstorfer, Augsburg, 
Germany. Irgarol-D9 (purity 98 %) was purchased from Biozol, Eching, Germany. All standard 
solutions containing the analytes as well as the internal standard solution containing isotope-
labelled analytes were prepared in acetone. The target analytes were prepared with 
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concentrations of 19.2 - 23.3 ng µL-1 in acetone. The isotope-labelled standard solution was 
prepared at a concentration of 21.42 ng µL-1 per component. The solvents acetone, n-hexane 
and methanol were freshly distilled and GC-FID tested. Trimethylsilyl-2,2,2-trifluoro-N-
(trimethylsilyl)acetamid (BSTFA) and N-Methyl-N-nitroso urea (for the preparation of 
diazomethane) were purchased from Sigma-Aldrich, Germany. For quality assurance 
procedural blanks were processed to identify impurities for the used solvents and reagents. 
Table 1: Selected target analytes-information. 
Names/ 
registered trade 
names 
CAS-No. Structural formula 
Elemental  
formula 
Molecular 
weight 
[g/mol] 
PNEC1 
[ng/L] 
Triclosan 
(INN)12, 
Irgasan, 
Irgasan DP300, 
Lexol 300, 
Irgacare® 
3380-34-5 
 
C12H7Cl3O2 289.5  502 
Methyltriclosan, 
Triclosan-
methyl 
4640-01-1 
 
C13H9Cl3O2 303.6  153 
Cybutryne, 
Irgarol, 
Irgarol 1051 
28159-98-0  
 
C11H19N5S 253.37  5.8 
Propiconazole 60207-90-1 
 
 
C15H17Cl2N3O
2 
342.22  6,800 
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Names/ 
registered trade 
names 
CAS-No. Structural formula 
Elemental  
formula 
Molecular 
weight 
[g/mol] 
PNEC1 
[ng/L] 
Tebuconazole 107534-96-
3 
 
 
C16H22ClN3O 307.81  1,000 
Imazalil 35554-44-0 
 
C14H14Cl2N2O 297.2  2004 
Thiabendazole 148-79-8 
 
C10H7N3S 201.24  1,200 
Cyproconazole 94361-06-5 
 
 
C15H18ClN3O 291.8  2,100 
1: PNEC - predicted no effect concentration (for aquatic organisms) according to the biocide assessment 
report; 2: Danish EPA 2003; 3: Rüdel et al. 2013; 4: preliminary PNEC, currently under review 
 
3.2.2 Samples 
Sampling has been performed in seven German WWTP of varying capacities (from 10,000 up 
to 1,000,000 population equivalents) and their corresponding receiving waters at two seasons 
(summer/ autumn 2014 and winter/ spring 2014/ 2015). At each WWTP, samples were taken 
from influents, sewage water before biological treatment, sludge and effluents. Additionally, 
four samples were collected from receiving surface waters. Here, three sampling locations 
were situated downstream and one upstream of the WWTP effluents. Water samples on-site 
the WWTP were taken by automatic samplers over a period of 24 hours and filled into 
polyethylene canisters. Afterwards these samples were transferred into pre-cleaned 1.2 L 
21 
 
aluminum bottles with Teflon-lined screw caps. Sewage sludge samples (approx. 500 g) were 
obtained by a ladle and placed into several 250 mL glass vessels with Teflon-lined screw caps. 
All samples were stored in the dark for a maximum period of three month at a temperature of 
4°C until sample treatment. Water samples from the receiving waters were collected by using 
a telescope sampler with a stainless steel beaker. Samples were obtained midstream at a 
depth of approx. 20 cm and filled into pre-cleaned 1.2 L aluminum bottles with Teflon-lined 
screw caps. 
3.2.3 Extraction of water samples 
Prior to extraction water samples were filtered through glass fiber filters without binder (MN 
GF-5 Ø 50 mm 0.45 µm pore diameter). Water samples from the influent, sewage water before 
biological treatment and final effluent of all WWTP and receiving waters were extracted by 
solid phase extraction for compound extraction and enrichment from water samples. The 
following SPE procedure with Oasis HLB cartridges (200 mg, 30 µm, Waters, Milford, USA) 
has been applied (according to Wick et al. 2010). All water samples were adjusted to pH 9 by 
10 % sodium hydroxide solution (NaOH). 50 µL internal standard solution (see section 2.1) 
was added for quantification. The extraction cartridges were conditioned with 1 x 2 mL n-
hexane, followed by 1 x 2 mL acetone, 3 x 2 mL methanol and 4 x 2 mL deionized water. For 
extraction 1 L of surface water or 500 mL of wastewater were passed through the pre-
conditioned cartridges at a flow rate of approx. 5 mL min-1. The solid phase material was dried 
by ambient temperature for approx. 15 minutes. Elution was accomplished twice with 4 mL of 
acetone and twice with 4 mL of methanol. The extracts were combined in a glass flask and 
dried by filtration with anhydrous sodium sulfate (Na2SO4). The extracts were concentrated to 
50 µL at ambient temperature. 
3.2.4 Extraction of sewage sludge samples 
50 µL internal standard solution (see section 2.1) were added to 10 g of each sewage sludge 
sample prior to extraction. Accelerated solvent extraction (ASE) cells filled with sample 
material and silicon dioxide (SiO2) were loaded into an oven, where a sequential extraction 
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was performed with approximately 30 mL acetone, acetone/n-hexane 1:1 (v/v) and n-hexane, 
under heat and pressure (10.35 MPa). The cell was held at a temperature of 100°C for a fixed 
period of time of 1 min for a static extraction. A static valve was opened to release the extracts 
into a glass flask and the extraction cell was flushed and purged with nitrogen gas (N2). The 
remaining organic solvent was concentrated to approx. 5 mL by rotary evaporation at ambient 
temperature and then dried by filtration through anhydrous sodium sulfate (Na2SO4). After 
further concentration to approx. 0.5 mL activated copper powder was added to remove 
elemental sulfur and the sample was treated ultrasonically for 15 minutes. The extracts were 
fractionated using micro glass columns (Baker bond) packed with approx. 2 g of anhydrous 
silica gel as stationary phase which was activated with dichloromethane previously. 
Fractionation was performed by elution with of 5 mL dichloromethane and 5 mL methanol as 
mobile phase (see Franke et al. 1998 and Schwarzbauer et al. 2000). The fractions were 
concentrated to 50 µL at ambient temperature. 
3.2.5 Analysis parameter for GC/MS analyses 
GC/MS analyses were performed on a Finnigan Trace MS mass spectrometer (Thermo Fisher 
Scientific, Massachusetts, USA) linked to a MegaSeries 5160 gas chromatograph (Carlo Erba 
HRGC 5160 Mega Series, Milan, Italy) equipped with a ZB-Multi Residue-2 capillary column 
(30 m x 0.25 mm I.D. x 0.25 μm film) (Phenomenex, Aschaffenhausen, Germany). 
Chromatographic conditions were as follows: 1 μL sample was injected at 270 °C (injector 
temperature) at a splitless mode and the helium carrier flow rate was 1.03 mL min-1. The oven 
temperature started at 60 °C (3 min) and was heated up with the heating rate 5 °C min-1 to 300 
°C (20 min). The mass spectrometer was operated in electron impact ionization mode (EI+, 70 
eV) with a source temperature of 200 °C scanning from 35 to 700 amu at a rate of 1.5 scans 
s-1. Further information on the acquisition-mode selective ion recording is displayed in Tab. 2 
and Figure (Fig.) 4. The quantification was carried out by an internal four-point calibration using 
reference compounds. Internal four-point-calibrations for target analytes were prepared from 
blends (v/v; 100/100; 75/100; 50/100; 25/100) of a mixture of reference compounds and 
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isotope labelled internal standard solution in acetone. Calibration functions had coefficients of 
determination (R2)≥0.9. Cyproconazole was quantified by tebuconazole D6. 
Table 2: Selective ion recording (SIR) acquisition-mode with characteristic ions (m/Q: 
(mass-to-charge ratio) and dwell-t imes. 
compound m/Q dwell-time (sec) 
Irgarol/Cybutryne 182, 253 0.2 
Methyltriclosan 302, 304 0.2 
Imazalil 215, 217 0.2 
Cyproconazole 139, 222, 224 0.3 
Propiconazole 173, 259, 261 0.2 
Tebuconazole 125, 250, 252 0.2 
Thiabendazole 174, 179, 201, 207 0.3 
Triclosan 218, 221, 288, 291 0.3 
 
 
Figure 4: Selected Ion Recording (SIR) chromatogram of a standard solution with concentration of 1 ng µL-1. 
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3.3 Results and discussion 
3.3.1 Method development 
Analytical procedures suitable for monitoring programs should meet two preconditions. First, 
the sensitivity should match the required limits of detection as demanded by relevant risk 
assessment (e.g. to allow the compliance testing for  the annual average environmental quality 
standard (AA-EQS) according to Directive 2013/39/EU, specifying the Water Framework 
Directive). Second, the analytical methods should be as simple as possible to keep the 
measurements fast and to reduce costs. Easy and inexpensive analytical handling allows a 
widespread application and dissemination to numerous laboratories and institutions resulting 
in a facilitated launching of possible monitoring actions. 
One important aspect regarding the development of these simple multi-parameter methods 
was the viability for a broad range of compounds and various matrices. Because of different 
physical and chemical properties, the development of simple analytical methods appropriate 
for several biocides is a huge challenge. This accounts especially for this study which focused 
on a chemically heterogeneous group of target analytes comprising triclosan and its 
methylated derivative, cybutryne, propiconazole, tebuconazole, imazalil, thiabendazole and 
cyproconazole. Simple multi-parameter methods often lead to lower sensitivities for individual 
compounds, since they have individual requirements because of their chemical and physical 
characteristics. Moreover, the response of each individual analyte varies in mass spectrometric 
detection also based on the different physical-chemical properties. Therefore, the analytical 
methods were optimized and checked for their sensitivity (by determination of the limits of 
quantification (LOQ) and comparison to the respective predicted no effect concentrations 
(PNEC)). Critical or sensitive analytical steps are in particular the extraction as well as the 
determination methods. With respect to the first step, highest recovery rates and reproducibility 
for selected biocides in water samples were reported to be achieved by SPE using Oasis HLB 
cartridges (Wick et al. 2010). Therefore this method was chosen for optimization in this study. 
For determining the reproducibility of the analytical method recovery rates were determined 
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under acidic and alkaline conditions for water samples at two spike levels. For sewage sludge 
samples ASE was optimized for target analytes. Regarding the second sensitive step, two 
main detection systems are appropriate, LC/MS (LC-MS/MS) and GC/MS systems. 
Frequently, liquid-chromatography coupled to mass spectrometry (LC/MS and LC-MS/MS) 
measurement methods were preferred for multi-parameter methods as compared to GC/MS 
based approaches (e.g. Stoob et al. 2005; Wittmer et al. 2011; Alvarez-Rivera et al. 2012; Wick 
et al. 2010). In the current study, tests on LC/MS determination did not sufficiently detect 
triclosan, methyltriclosan and thiabendazole simultaneously to the other (sufficiently 
detectable) biocides although numerous parameters were optimized (e.g. type of ionization 
APCI/ESI, source parameters (temperature and voltage), LC eluents and flow rates). With 
respect to triclosan this observation is comparable to results from Wick and co-workers (2010), 
who determined absolute recovery rates on ESI and APCI MS systems on low levels (18 to 36 
%) (Wick et al. 2010). 
On the contrary, alternative GC/MS measurements did not sufficiently detect triclosan and 
thiabendazole due to their polar properties. This hindrance has been overcome by a two-step 
derivatization that allowed determining of all target biocides in one GC/MS measurement. 
However, it has to be clearly noted, that implementation of additional sample treatment steps 
is contrary to the basic requirements (e.g. the optimization for individual target analytes in 
abiotic matrices of various environmental compartments, easy application in numerous 
research laboratories and institutions and cost-effectiveness) of simple multi-parameter 
monitoring methods. However, balancing both detection methods the GC/MS based approach 
was clearly preferred for biocide monitoring purposes due to its low LOQs and the ability to 
detect all targets simultaneously but despite the higher demand on sample treatment 
processes. 
3.3.2 Reproducibility and efficiency of extraction methods 
For validating the reproducibility and efficiency several tests and spiking experiments of high 
purity water samples and pre-extracted sewage sludge samples were conducted with 50 µL of 
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standard solution containing 18.4 ng µL-1 to 23.26 ng µL-1 of each reference substance and 50 
µL of the corresponding internal standard solution (concentration 21.24 ng µL-1 for individual 
component). Reference substances and internal standard solution were added to 200 to 1000 
mL purified water and to approx. 10 g of pre-extracted sewage sludge samples. Subsequently, 
all spiked samples were extracted as described at 3.2.3 and 3.2.4. The spiking experiments 
were carried out using various approaches. Different pH-values and various compositions of 
the eluents acetone and methanol were tested (e.g. v/v; 1:1; 60:40; 20:80) in different matrices 
(high purity water, tap water and WWTP water) for water samples. To test the efficiency of the 
extraction procedures further three-step tests were performed by spiking individual high purity 
water samples as described above and subsequent extraction: 1st SPE extraction (as 
described in 3.2.3), 2nd SPE extraction (as described in 3.2.3) and 3rd Liquid-Liquid extraction 
(according to Dsikowitzky et al. 2002). None of the added target analytes had been detected 
in the extracts of the 2nd or 3rd steps, respectively. Accordingly, an exhaustive extraction after 
the first extraction step has been verified. 
Second, recovery rates were determined using the spiking experiments (see Tab. 3 and 4) for 
water samples in alkaline and acidic milieu and for sewage sludge samples. The results of 
recovery experiments are summarized in Tab. 3 and 4. The recovery rates are averages of 
triplicate measurements at two different spike levels (concentrations of 1 ng µL-1 and 20 ng µL-
1) and are reported together with the corresponding relative standard deviation. Recoveries 
ranged from 22 percent (imazalil) up to 104 percent (triclosan) under alkaline extraction 
conditions. The recovery rates for sewage sludge samples provided values of approximately 
60 percent for the selected target analytes (see Tab. 4). Recovery rates for isotope labelled 
and non-isotope labelled compounds were at the same levels. The recovery rates for almost 
all biocides in water samples extracted under alkaline conditions at pH 9 provided significantly 
higher values for almost all biocides as compared to the recovery-rates for the biocides under 
acidic extraction conditions at pH 3. Solely the recovery rate for imazalil under alkaline 
extraction conditions was lower than under acidic conditions. In particular the recovery rates 
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for the more critical and sensitive biocides according to their PNEC values (e.g. cybutryne and 
methyltriclosan) were higher for extraction under alkaline conditions. However, since the LOQ 
for imazalil is sufficiently below the PNEC and due to the good reproducibility even at the low 
recovery, the alkaline extraction condition was selected for this simple multi-parameter 
method. 
Table 3: Recovery (Recov.) rates and relative (rel.) standard deviations for water samples 
under alkaline and acidic conditions at two spike levels . 
* derivatized with diazomethane; ** derivatized with BSTFA 
 
 Recov. 
rate [%] 
SD 
rel. 
Recov. 
rate [%] 
SD 
rel. 
 Recov. 
rate [%] 
SD 
rel. 
Recov. 
rate [%] 
SD 
rel. 
alkaline 
conditions 
non-labelled 
isotope 
labelled 
acidic 
conditi
ons 
non-labelled isotope labelled 
Cybutryn
e 
93 ±3 99 ±15  74 ±31 62 ±25 
Methyl-
Triclosan 
65 ±28 79 ±26  22 ±36 36 ±30 
Imazalil 22 ±10 25 ±10  76 ±5 70 ±7 
Propicon
azole 
85 ±9 73 ±10  44 ±25 37 ±27 
Tebucon
azole 
87 ±4 77 ±11  49 ±37 41 ±26 
Cyproco
nazole 
112 ±13 - -  85 ±35 - - 
Thiabend
azole* 
55 ±1 58 ±7  54 ±2 55 ±4 
Triclosan
** 
104 ±7 98 ±4  104 ±6 98 ±5 
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Table 4: Recovery rates and relative (rel.) standard deviations for sewage sludge samples 
at two spike levels. 
 Recovery rate [%] SD rel. Recovery rate [%] SD rel. 
 non-labelled isotope labelled 
Cybutryne 63 ±6 59 ±9 
Methyl-Triclosan 60 ±7 57 ±2 
Imazalil 55 ±3 55 ±5 
Propiconazole 62 ±1 69 ±10 
Tebuconazole 61 ±2 68 ±8 
Cyproconazole 97 ±1 - - 
Thiabendazole* 56 ±6 57 ±13 
Triclosan** 77 ±5 78 ±5 
* derivatized with diazomethane; ** derivatized with BSTFA 
3.3.3 Derivatization 
The more polar compounds triclosan and thiabendazole exhibited an insufficient elution 
behavior in the GC stationary phase resulting in an inadequate separation. Hence, 
derivatization techniques were chosen to optimize gas chromatographic elution behavior of 
these two substances. Since both compounds exhibited two chemically quite different polar 
groups, a hydroxy group and an amino group, a simultaneous derivatization of both 
compounds failed. Consequently, two separate derivatization techniques were needed. Based 
on systematic tests the following sequential derivatization procedure was established for 
triclosan and thiabendazole. A first silylation of triclosan with N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) (Fig. 5a) was followed by a methylation of 
thiabendazole by using diazomethane (Fig. 5b). 
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Figure 5: a) Mass spectrum of triclosan before and after derivatization with BSTFA (silylation); b) Mass spectrum of 
thiabendazole before and after derivatization with diazomethane (methylation). 
 
Firstly, 10 µL of 50 µL concentrated SPE and ASE extracts were taken for derivatisation. The 
silylation of triclosan with 20 µL BSTFA was conducted at 80°C for 30 minutes (Fig. 5a). After 
derivatisation with BSTFA 0.05 mL of diazomethane was added for methylation of 
thiabendazole (Fig. 5b). After two derivatisation steps the derivatized extract is injected into 
GC/MS for analysis.  
3.3.4 Analysis of method sensitivity 
The GC/MS based analytical methods (see section 3.3.1 and 3.3.2) developed in this study for 
surface and wastewater as well as sewage sludge were checked for sensitivity by determining 
LOQ compared to PNEC. The LOQs as given in Tab. 6 were calculated from measurements 
of 0.1 ng (absolute) in the range of limits of detection and were determined for all compounds 
by extrapolation from signal to noise ratios (S/N ratios) of 10:1. LOQs covered a wide range of 
values ranging from 0.4 to 45 ng L-1. Matrix effects for LOQs were not considered. Hence for 
natural samples depending on their properties the LOQs may be higher as compared to these 
basic LOQs. Since variations of matrices are high, uniform LOQs cannot be given. With respect 
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to matrix influences of sewage sludge no attempt was made to quantify components with 
concentrations less than 5 ng g-1 for sewage sludge. Moreover method limits of detection 
(MLOD) and method limits of quantification (MLOQ) were determined from two sensitive 
biocides (cybutryne and imazalil) according to Wellmitz and Gluschke, 2005 (cf. Tab. 5). 
Table 5: Method limits of detection and method limits of quantif ication determined from 
cybutryne and imazalil values  
 MLOD [ng L-1] MLOQ [ng L-1] 
surface water 0.3 0.4 
wastewater 1.6 2.5 
sewage sludge 2.6 4.2 
 
Noteworthy also the PNEC values exhibited high differences ranging from 5.8 to 6,800 ng L-1. 
In order to fit the varying sensitivities with the differing target values (intended level: below 30 
% of the respective PNEC to allow a sound measurement in this concentration range), basically 
the mass spectrometric dwell times in the single-on-monitoring (SIR) mode were adjusted as 
the most sensitive parameter for sensitivity variation. The analytical method has been 
optimized by modification of dwell-times in SIR acquisition-mode. The domain of linearity of 
the methods is between 1 and 100 ng µL-1 in aqueous phase and in the sludge and has been 
respected in the measurements. Comparing these results with published data, it has to be 
noted that methods optimized solely for one individual substance or groups of chemically very 
similar compounds have often significantly lower LOQs than multi-parameter methods for 
numerous chemically varying compounds since a method optimization is easier in these cases 
(Rüdel and Fliedner 2014). 
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Table 6: Signal to noise ratios, l imits of quantif ication (LOQs), absolute (abs.) standard 
deviation (STDabs.) and factors of predicted no effect concentration to l imit of 
quantif ication (PNEC/ LOQ). 
Substance LOQ 
(estimated from 0.1 ng 
absolute) 
LOQ 
[ng L-1] 
STDabs. (n=3) PNEC1/ LOQ 
Triclosan 0.3 15.0 ≤0.5 3 
Methyltriclosan 0.1 0.4 ≤0.5 38 
Cybutryne 0.1 0.5 ≤0.5 12 
Imazalil 0.2 7.1 2.4 28 
Thiabendazole 0.9 45.0 ≤0.5 27 
Cyproconazole 0.3 2.8 0.3 750 
Tebuconazole 0.2 4.9 1.2 204 
Propiconazole 0.2 2.9 0.7 2,345 
1: PNEC values - predicted no effect concentration (for aquatic organisms) according to the biocide 
assessment report, Danish EPA 2003 for triclosan and Rüdel et al. 2013 for methyltriclosan 
 
3.3.5 Application of methods on sample material from various matrices  
The optimized methods for biocide monitoring were applied on various matrices. Wastewater 
and sewage sludge samples from various WWTP as well as surface water samples reflecting 
the impact of the effluents were analyzed for the preselected biocides at two different times. 
All results are summarized in Tab. 8. Generally, the biocides were detected only sporadically. 
Most of the compounds were detectable in wastewater while others occurred with even higher 
concentrations in sewage sludge samples. Comparing the concentrations of seven WWTP 
higher levels of biocides were present in urban wastewater than in surface water and sewage 
sludge. The sample sets indicated a sporadical contamination with the target analytes. Five 
azole fungicides and methyltriclosan (transformation product of triclosan) were detectable in 
wastewater and surface water samples. 
32 
 
3.3.6 Results of wastewater samples 
Biocides were detected sporadically in the investigated wastewater samples from two sampling 
campaigns. In 50 % of the WWTP sampled during the first campaign in summer/ autumn 2014 
the biocide concentrations were below the LOQ. In three WWTP the azole fungicides imazalil, 
cyproconazole, propiconazole and tebuconazole were detected with varying concentrations. 
Highest values were detected for imazalil (from 200 ng L-1 up to 975 ng L-1) followed by 
tebuconazole with concentration up to 93 ng L-1. Cyproconazole and propiconazole reached 
maximum concentrations around 45 ng L-1. In samples from the second sampling campaign in 
winter 2014 and spring 2015 only for two WWTP the concentrations of all target analytes fell 
below LOQ. In the remaining five WWTP, five azole fungicides (imazalil, cyproconazole, 
propiconazole, tebuconazole and thiabendazole) and methyltriclosan were detected. Highest 
concentrations were measured for imazalil with approx. 150 ng L-1 followed by tebuconazole 
with concentrations around 70 ng L-1 in influents of sampling campaign two. The azole fungicide 
imazalil was detected in the influents of two WWTP. The transformation product 
methyltriclosan was detected on site the WWTP with low concentrations of 1 to 4 ng L-1. Most 
dominant biocides in wastewater of the influents of seven sampled WWTP in two sampling 
campaigns were the azole fungicides imazalil, tebuconazole and thiabendazole with maximum 
influent concentrations of 975, 93 and 59 ng L-1, respectively. Concentrations of the other 
biocides were on distinct lower levels. Wick et al. (2010) reported the occurrence of azole 
fungicides propiconazole, tebuconazole, imazalil, thiabendazole and cybutryne on same levels 
from lower LOQ up to 24 ng L-1 in two WWTP. In effluent samples the biocides imazalil, 
tebuconazole and propiconazole were determined with concentrations lower than in influent 
samples in ranges from <LOQ to 816 ng L-1. Concentrations of propiconazole with up to 12 ng 
L-1 were comparable with values reported by Wick et al. (2010). Generally it became obvious 
that there is elimination during wastewater treatment for the azole fungicides. 
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3.3.7 Results of surface water samples 
Four azole fungicides (imazalil, cyproconazole, propiconazole and tebuconazole) as well as 
methyltriclosan were identified in surface water samples affected by sewage effluents. Highest 
concentrations were determined for imazalil with values up to 185 ng L-1, next to or even five 
times higher than the predicted no effect concentrations (PNEC) of 200 ng L-1. These high 
concentrations correspond to high values detected in the influent and effluents of the 
corresponding sewage plant. Noteworthy, these high values have solely been detected in the 
first sampling campaign but were lower in wastewater samples from the second campaign and, 
accordingly, the concentrations in the surface water samples fell below the LOQ. The other 
biocides (cyproconazole, propiconazole, tebuconazole and methyltriclosan) were detected 
downstream the WWTP only with low concentrations up to approx. 5 ng L-1. Propiconazole and 
tebuconazole concentrations from levels below LOQ up to 5 and 7 ng L-1 in surface water 
samples, respectively, were consistent with Wick et al. (2010). However, also these low values 
correspond to low values in the WWTP effluents. Sporadically two compounds (methyltriclosan 
and cyproconazole) were detected upstream the WWTP but with low concentrations at around 
1 ng L-1. The concentrations of all biocides except imazalil were far below PNEC values (more 
than 50 % and down to a hundred times lower). Here, no adversely impact of the monitored 
biocides on the aquatic environment can be assumed for the studied locations. 
3.3.8 Results of sewage sludge samples 
In sewage sludge samples only one biocide was detected in approximately half of all WWTP. 
Concentrations of the azole fungicide cyproconazole varied from 8 to 380 ng g-1 dry weight 
(dw) for the first sampling campaign. Samples from the second campaign exhibited amounts 
of up to 140 ng g-1 dw. Sewage sludge samples indicated that this compound accumulates 
also in particulate matter. Hence, for cyproconazole a complementary emission pathway from 
municipal pollution via sewage sludge and WWTP effluents has to be assumed, whereas all 
other biocides monitored in both periods seem to be discharged exclusively by WWTP 
effluents. The concentrations of all other biocides were below the LOQ. 
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3.3.9 Stereo selectivity 
Various biocides, especially fungicides, are chiral and the investigations of the corresponding 
stereoisomers can be used as tool for identifying biotic transformation processes and further 
microbial assisted processes (Pérez-Fernández et al. 2011, Ribeiro et al. 2012). For 
enantiomer specific analyses the usage of enantioselective stationary phases in 
chromatography is required (e.g. Buser et al. 2000 and Kalathoor et al. 2015). In the case of 
multiple chiral centers the resulting diastereomers can be efficiently separated 
chromatographically also by non-enantioselective phases (e.g. Riefer et al. 2011). 
Interestingly, analysis of the biocides as developed in this study allowed to separate the 
diastereomers of cyproconazole and propiconazole (see chiral centers of cyproconazole and 
propiconazole in Fig. 7).The diastereomer ratios (area of Peak 1 divided by area of Peak 2) for 
all samples containing propiconazole ranged from 0.6 to 0.9 and were summarized in Tab. 7. 
There was no significant shift observed for these values. Hence, for propiconazole it can be 
postulated on base of our results that there is no systematic microbial transformation during 
wastewater treatment. A quite different behavior was noticed for the chiral azole fungicide 
cyproconazole. The reference substance used in the standard solution of cyproconazole 
indicates the occurrence of diastereomers without any stereo chemical preference (see Fig. 6 
a). This is in agreement with the EU biocide assessment report (European Commission, 2014) 
defining that the cyproconazole formulation used as a biocide consists of racemic mixtures of 
two diastereomers with a ratio of 1:1 and enantiomer ratios of 1:1:1:1. Interestingly, in samples 
analyzed in this study cyproconazole appears only with one diastereomer (cf. Fig. 6 b). The 
degradation of one diastereomer points to biotic transformation processes. However, this 
observation was made for effluent but also for influent samples pointing either to a rapid 
degradation process occurring prior to the treatment in the WWTP or (more unlikely) the usage 
of a diastereomer pure technical formulation. 
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Figure 6: Chromatograms of cyproconazole in standard solution (diastereomers) and cyproconazole in sample 
extract (exemplary shown by an influent sample). 
 
Table 7: Diastereomer ratios of propiconazole in wastewater ( W W) and surface water (SW ). 
Sample-ID Diastereomer ratio propiconazole 
1WW 0.7 
2WW 0.7 
3WW 0.7 
4WW 0.7 
5SW 0.8 
6SW 0.7 
7SW 0.6 
8WW 0.8 
9WW 0.8 
10WW 0.9 
11SW 0.9 
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Figure 7: Cyproconazole (left) and propiconazole (right) with chiral centers (*). 
 
3.4 Conclusions 
Continuous monitoring is paramount for the evaluation of the environmental burdens caused 
by multiple anthropogenic organic compounds. To the author's knowledge only a few studies 
have previously been performed developing simple multi-parameter methods analyzing 
multiple biocides in various matrices by GC/MS measurements. In this study two simple multi-
parameter methods for the extraction of water samples (wastewater and surface water) and 
sewage sludge samples coupled to GC/MS were successfully applied for the identification and 
quantification of eight target biocides for monitoring purposes. Additional sample treatment 
steps are mandatory and are contrary to the basic requirements of simple multi-parameter 
monitoring methods. However, the viability for a broad range of compounds and various 
matrices as well as the facilitated applicability in numerous laboratories and institutions are 
major advantages of the developed monitoring methods. The results of applications to natural 
samples revealed that effective and simple extraction methods for a broad range of biocides 
with appropriate application in various environmental compartments, respectively matrices, 
were developed. In summary, the developed methods fulfill all requirements to be applied in 
monitoring measures of wastewater and surface water as well as sewage sludge even for the 
substances with very low PNEC values. The selected sample sets from seven WWTP at two 
seasons provided an occasionally contamination of target analytes. The contamination of 
target analytes was more dominant in water phase than in sewage sludge. No adversely impact 
of the most of the monitored biocides on the aquatic environment in the investigation period 
can be assumed for the studied locations. GC/MS analyses provide a second advantage. The 
* 
* * 
* 
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separation into diastereomers of two target analytes (cyproconazole and propiconazole) by 
gas chromatography was feasible. Therefore, indication for biodegradation might be possible 
to be followed by diastereomer specific GC/MS analyses since microbial transformations are 
often reflected by stereo chemical shifts. The analyses of stereo chemical changes provide a 
powerful tool for complex environmental processes. 
Table 8: Results of two sampling campaigns (SPC) in seven WWTP; results of wastew ater 
and surface water in ng L-1 and results of sewage sludge samples in ng g-1 (dw). 
Triclosan and cybutryne were not detected in any sample/matrix . 
 Methyltriclos
an 
Propiconazo
le 
Tebuconazo
le 
Imazalil Thiabendazo
le 
Cyproconazo
le 
SPC 1 2 1 2 1 2 1 2 1 2 1 2 
A-Zua            6 
A-
ZuBi
ob 
            
A-Abc            6 
A-Z1d            (2) 
A-A0e            (1) 
A-A1e             
A-A2e             
A-A3e             
A-KS             
B-Zua    47  62       
B-
ZuBi
ob 
 4        (1)   
B-Abc  4        (1)   
B-Z1d          (0.1)   
B-A1e  3           
B-A2e  2        (0.1)   
B-A3e  4        (0.5)   
B-KS             
C-Zua             
C-
ZuBi
ob 
            
C-Abc             
C-Z1d             
C-A1e             
C-A2e             
C-A3e             
C-KS           380 140 
D-Zua   11       (10) 15  
D-
ZuBi
ob 
         59   
D-Abc             
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 Methyltriclos
an 
Propiconazo
le 
Tebuconazo
le 
Imazalil Thiabendazo
le 
Cyproconazo
le 
SPC 1 2 1 2 1 2 1 2 1 2 1 2 
D-Z1d  2           
D-A1e  1           
D-A2e  2           
D-A3e             
D-KS           8  
E-Zua             
E-
ZuBi
ob 
            
E-Abc             
E-Z1d  5           
E-A1e  2           
E-A2e             
E-A3e             
E-KS           17 120 
F-Zua  1*  (1) 29  97
5 
(2)   41  
F-
ZuBi
ob 
    10  90
6 
   9  
F-Abc  1*  (1) 8  81
6 
   5  
F-Z1d             
F-A1e  2  (1) 6  18
5 
   4  
F-A2e  0.4   5  10
8 
     
F-A3e     5  60      
F-KS           18 37 
G-Zua   46  93 (2) 18
7 
14
8 
    
G-
ZuBi
ob 
  29  90  11
1 
     
G-
Abc 
  12  62       79 
G-Z1d             
G-A1e   5  7        
G-A2e   4  6        
G-A3e   3  6        
G-KS             
A-G: WWTP of various capacities; SPC: Sampling campaign; aInfluent: bSewage before biological 
treatment: cEffluent; dZ1: upstream of the final effluent;   eA#: downstream of the final effluent; KS: 
sewage sludge; (#): <LOQ >LOD; *: <MLOQ 
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4 Screening of organic pollutants in urban wastewater treatment plants and 
corresponding receiving waters 
 
 
Abstract 
There is a lack of knowledge in the environmental pollution of anthropogenic contaminants in 
wastewater and surface water. Several organic compounds need special attention, because 
of their potential risk to the aquatic environment. Therefore, gas chromatography-mass 
spectrometry-based screening analyses were performed in order to identify anthropogenic 
organic contaminants and to reveal information on structural diversity of individual compounds 
and for characterization of their environmental behaviour. Wastewater samples from 
wastewater treatment plants in Germany, representing various capacities, and surface water 
samples from corresponding receiving waters were analyzed. Numerous substances were 
identified in samples. Several compounds were degraded only inadequately during wastewater 
treatment, but their identification in surface water shows potential impacts into the aquatic 
environment. Selected contaminants were discussed according to available information about 
their environmental relevance (e.g. persistence, bioaccumulation potential), their possible 
application or usage and their occurrence within the environmental system. Based on the 
results of this study, non-target screening analyses should be established as tool for the 
identification on structural diversity of anthropogenic organic contaminants and further 
investigations in specific anthropogenic compounds are mandatory.  
4.1 Introduction 
In recent years an increasing number of emerging pollutants have been detected in surface 
waters. The majority of these substances, such as pharmaceuticals, surfactants, biocides, 
personal care products, plasticizers and flame retardants are mainly present in treated and 
untreated wastewater which is discharged into surface waters (e.g. Fatta et al., 2007; Ricking 
et al., 2003). Hence, many organic compounds which are not eliminated during wastewater 
treatments are discharged into receiving waters. A broad range of significant anthropogenic 
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contaminants have been investigated in wastewater treatment plants (WWTP) and 
corresponding surface waters in recent years (e.g. Schwarzbauer et al., 2002; Schwarzbauer 
and Ricking, 2010; Dsikowitzky et al., 2015). Analyses of discharges from urban WWTP 
revealed a broad range of pollutants with high structural diversities and several compounds 
which play a substantial role in the contamination of the environment. These anthropogenic 
contaminants need special attention, because of their potential risk to the aquatic environment. 
A challenge is that the knowledge of organic contaminants in surface water systems is 
incomplete. This can be addressed through screening analyses which are powerful tools to 
obtain information on the current levels of pollution. Gas chromatography and mass 
spectrometry (GC/MS) analyses are widely established for target screenings (e.g. 
Schwarzbauer and Heim, 2005) and non-target screenings (e.g. Schwarzbauer and Ricking, 
2010) of organic contaminants. 
The aim of this study was to identify the structural diversity of anthropogenic organic 
contaminants in effluent stream at wastewater treatment plants and in the receiving surface 
waters with focus on identifying organic substances that might trace anthropogenic emissions 
of specific sources within the system. Non-target-screening analyses by GC/MS were used to 
collect information on organic compounds in terms of their structural variety and to characterize 
their environmental behavior. Contaminants were selected based on the available information 
on their environmental relevance (e.g. persistence, bioaccumulation potential), their possible 
application or usage and their occurrence within the environment. In order to identify a wide 
variety of anthropogenic contaminants and to differentiate between common and specific 
anthropogenic contaminants found in wastewater and surface water, samples from three 
representing WWTP in Germany, representing various capacities, were analyzed and selected 
compounds were subsequent quantified.  
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4.2 Experimental  approach 
4.2.1 Chemicals and reagents 
To prevent and to reduce the potential for sample contamination only glass and metal materials 
were used in the laboratory. The materials were cleaned ultrasonically and were rinsed with 
acetone and n-hexane prior to extraction. Solvents were purchased from Merck, Germany, and 
were pre cleaned by rectification. Purity was tested by gas-chromatographic (GC) analyses. 
Anhydrous sodium sulfate (Na2SO4) and hydrochloric acid (32 %) were purchased from Merck, 
Germany. For quality assurance, procedural blank analyses were processed in the same 
manner as the water samples. No contamination of the blank samples by the target compounds 
were identified. 
4.2.2 Sampling 
In 2015 water samples were collected in Germany from three urban wastewater treatment 
plants (WWTP) of various capacities (from 35,000 up to 1,000,000 equivalent population (EP)) 
once. WWTP A was sampled at the end of January 2015, WWTP B was sampled in March 
2015 and WWTP C was sampled in May 2015. The characteristics of the WWTP are 
summarised in table 9. The purification of wastewater in these WWTP is undertaken in three 
treatment steps, namely: mechanical, biological and chemical treatment. In the first purification 
step (mechanical) approximately 20 % to 25 % of solids and suspended matter are removed. 
In the second purification step (biological) biological processes or rather microbiological 
degradation processes are used for decomposition of polluted wastewater. In the third 
purification step abiotic chemical reactions such as oxidation and precipitation are used. In the 
municipal wastewater treatment plants they are used primarily for the removal of phosphorus 
by precipitation reactions, to avoid the eutrophication of the receiving water. At each WWTP, 
samples were taken from the influent streams, sewage water before biological treatment and 
from the effluent streams. Additionally, four samples per WWTP were collected from the 
receiving surface waters with three sampling locations downstream and one location upstream 
of the WWTP outfall. Water samples from the WWTP were collected by automatic samplers 
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over a period of 24 hours and filled into polyethylene canisters. Afterwards, these samples 
were transferred into pre-cleaned 1.2 L aluminum bottles with Teflon-lined screw caps. Water 
samples from the receiving waters were collected using a telescope sampler with a stainless-
steel beaker. Samples were taken midstream at a depth of approximately 20 cm and filled into 
pre-cleaned 1.2 L aluminum bottles with Teflon-lined screw caps. All samples were stored in 
the dark at a temperature of 4°C until sample preparation.  
Water samples from the WWTP were comparable with one another because variations and 
fluctuations in pollutant concentrations were smoothed by analyzing 24h-hour mixed samples 
of wastewater. 
Table 9: Characteristics of WWTP studied.  
WWTP 
Capacity 
[PT] 
Annual flow 
[m³/y] 
Type of sewage 
Average flow of 
receiving water 
[m³/s] 
WWTP 
A 
1,000,000 180,000,000 
municipal and 
industrial 
175 
WWTP 
B 
35,000 4,000,000 municipal 2.0 
WWTP 
C 
500,000 25,000,000 municipal 1.4 
 
4.2.3 Liquid-liquid extraction 
Prior to extraction water samples were filtered through pre-cleaned Whatman glass fiber filters 
without binder (MN GF-5 Ø 50mm 0.45µm pore diameter). All water samples were extracted 
using a sequential liquid-liquid extraction procedure described by Franke et al. (1995). The 
general preparation scheme is displayed in figure 8. The extraction procedure involved three 
extraction steps which were applied to 1L samples. The first two extraction steps used 50 mL 
of n-pentane and dichloromethane, respectively, with 5minutes of shaking of each 1L water 
sample. In the first step n-pentane was added to 1L aliquot and was shaken for five minutes. 
The same procedure applied then to the solvent dichloromethane for steps two and three. After 
acidification with hydrochloric acid (32 %), pre-cleaned by extraction with n-hexane, to pH 2, 
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the procedure was performed again using dichloromethane (step three). After three extraction 
steps and separation into the phases, the extracts were concentrated by rotary evaporation 
and dried by filtration with 1 g anhydrous sodium sulfate (Na2SO4). Extracts from step one and 
two were spiked with 50 µL of surrogate standard solution consisting of d10-benzophenone (c= 
19.8 ng µL-1). Extracts from step three were derivatized with diazomethane (see Section 2.4) 
and spiked with 200 µL of surrogate standard solution, respectively. All extracts from steps 
one and two were concentrated to 50 µL and extracts from step three were concentrated to 
200 µL final volume at ambient temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Analytical procedure used for non-target-screening analyses of wastewater and surface water samples. 
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4.2.4 Derivatization and fractionation 
Acidic compounds in the third extract (volume of 1mL) were methylated prior to gas-
chromatographic/mass spectrometric analyses by the addition of a diazomethane solution (0.2 
to 0.4 mL). After derivatization the extract was reduced to a final volume of 200µL by rotary 
evaporation at ambient temperature. 
4.2.5 GC/MS analyses 
GC/MS analyses were performed using a Finnigan Trace MS mass spectrometer (Thermo 
Fisher Scientific, Massachusetts, USA) linked to a MegaSeries 5160 gas chromatograph 
(Carlo Erba HRGC 5160 Mega Series, Milan, Italy) equipped with a ZB-Multi Residue-2 
capillary column (30 m x 0.25 mm I.D. x 0.25 μm film) (Phenomenex, Aschaffenhausen, 
Germany). Chromatographic conditions were as follows: 1 μL sample was injected at 270 °C 
injector temperature in splitless mode (splitless time 1 min). The helium carrier flow rate was 
set at 1 mL min-1. The oven temperature program started at 60 °C (3 min isothermal time) and 
was heated at a rate of 5 °C min-1 to 300 °C (20 min isothermal time). The mass spectrometer 
was operated in electron impact ionization mode (EI+, 70 eV) with a source temperature of 
200 °C scanning from 35 to 700 amu at a rate of 1.5 scans s-1. Quantification was based on 
integration of characteristic ion chromatograms (see table 10) and an external four-point-
calibration using reference substances. If reference material was not commercially available, 
then response factors of chemically similar substances were then used for quantification (see 
Table 10). A surrogate standard was used for the correction of inaccuracies of sample and 
injection volume. 
Table 10: Quantif ied compounds with characteristic ions [m/z: (mass -to-charge ratio) and 
surrogate standard. 
compound 
characteristic ions 
[m/z] 
4-Chloro-4'-hydroxybenzophenone 1 
121 
232 
Triphenyl phosphate TPP 170 
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326 
Cotinine 
98 
176 
Nicotine 
133 
161 
Hexa(methoxymethyl)melamine, 
HMMM 
207 
267 
2-Ethylhexyl p-methoxy cinnamate 2 
161 
290 
Chlorophene, 
2-benzyl-4-chlorophenol 
140 
218 
Propofol  3 
163 
178 
Carbamazepine 
193 
236 
Lidocaine 
86 
234 
Diclofenac 
214 
309 
d10-Benzophenone4 
110 
192 
1 quantif ied with internal calibration    
2 RF value determined from structurally related compound α-tocopherol acetate   
3 RF value determined from structurally related compound 2,5-dimethylphenol 
4 surrogate standard 
 
4.3 Results and discussion 
Generally, two groups of compounds were distinguished. The first group comprised 
contaminants appearing throughout the wastewater and surface water systems and which 
have a high environmental stability accompanied by a widespread distribution while the second 
group was specific contaminants which characterize surface water impacted by wastewater. 
GC/MS non-target screening analyses applied to wastewater and surface water revealed a 
broad range of compounds. More than 270 compounds can be present in municipal 
wastewater which highlights the high structural diversity of organic contaminants and the 
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importance of considering this diversity in environmental assessments. However, not all 
contaminants are environmentally relevant and, therefore, a preselection of contaminants for 
a more detailed investigation was undertaken. Based on this preselection the following 
discussion will characterize the most interesting and important anthropogenic contaminants 
not only detected in wastewater but also in impacted surface waters. 
The preselection of compounds was based on their structural properties and their 
anthropogenic usage. The list of 85 preselected substances is given in table 12. Out of this 
group a subset of 11 substances were considered for quantification. Their corresponding 
molecular structures are illustrated in figure 11.  
The relevant substances were classified into groups according to their application. These 
groups comprise: natural fragrances, synthetic fragrances, plasticizers, ingredients of personal 
care products, flame retardants, physiologically active substances, vitaminoids, pesticides and 
compounds with known technical industrial application or origin. It should be also noted that in 
addition to the selected compounds much more organic compounds were detected, including 
terpenoids, steroids, aliphatic and aromatic carboxylic acids, as well as fatty acid esters.  
4.3.1 Common contaminants 
Several common water contaminants that frequently occur in these samples were identified. 
Some molecular structures are illustrated in figure 9. The polycyclic musk compounds 
galaxolide (4,6,6,7,8,8-Hexamethyl-1,3,4,6,7,8-hexahydrocyclopenta[g]isochromene) HHCB 
and tonalide (1-(5,6,7,8-Tetrahydro-3,5,5,6,8,8-hexamethyl-2-naphthalenyl)ethanone) AHTN 
are well known fragrances. Both compounds have been identified frequently in municipal 
wastewater in partially high concentrations (Dsikowitzky et al. 2002; Bester 2004; 
Schwarzbauer and Ricking 2010; Ricking et al. 2003; Zhou et al. 2009). Due to their extensive 
use in numerous detergents, cleaning agents and cosmetics and their high bioaccumulation 
potential, because of lipid solubility and persistence, these musk compounds are distributed 
widely and can be referred as environmental relevant contaminants. While galaxolide was 
detected in both wastewater and surface water samples, tonalide was detected only in 
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wastewater samples. This highlights a better degradation and elimination of tonalide compared 
to galaxolide during wastewater treatment or to the enrichment of tonalid in particulate material 
by its preferential adsorption to particulate material in the Fluviatile environment (Winkler et al., 
1998). One synthetic fragrance is methyl dihydrojasmonate. Methyl dihydrojasmonate is 
commonly synthesized from 2-pentyl-2-cyclopenten-2-one and is mainly used in personal care 
products such as deodorants (about 65-86 %) (Frosch et al. 2002). The compound has a log 
Kow value of 3.0 (Simonich et al. 2000). This substance has been detected in wastewater and 
surface water samples. Thus, it appears that methyl dihydrojasmonate is widespread. Two 
further compounds of physiologically active substances are carbamazepine and N, N-diethyl-
m-toluamide (DEET). Carbamazepine is an antiepileptic drug and is known to enter the surface 
water systems through WWTP effluent discharges due to very low elimination rates during 
wastewater treatment (7 %) (Ternes, 1998). Accordingly, carbamazepine has been identified 
in numerous studies of WWTP effluents and in surface waters (Ternes, 1998; Heberer et al., 
2002; Dsikowitzky, 2002; Schwarzbauer and Heim, 2005) and was also continuously detected 
in this study. Due to its eco-toxicological effects, carbamazepine has a high environmental 
relevance. DEET belongs to the category of insect-repellents. This contaminant is conveyed 
WWTP effluent discharge into surface water systems resulting in its widespread occurrence 
(e.g. Franke et al., 1995, Kolpin et al., 2002 and Dsikowitzky et al., 2004).  In this study DEET 
was identified in wastewater samples and in a few surface water samples. With respect to its 
environmental fate and relevance a slight toxic effect on aquatic organisms (for acute daphnia 
toxicity an EC50 value of ≥ 56 mg L-1 has been specified by Juno Limited (2014)) as well as a 
log Kow value around 2.4 and a BCF value around 40 have been noted. 
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Figure 9: Molecular structure of selected common contaminants. 
 
4.3.2 Specific contaminants 
In addition to the more common wastewater constituents numerous further compounds have 
been detected in singular analyses of selected samples of wastewater and surface water 
impacted by WWTP effluent discharges. Some of these compounds are candidates for more 
specific environmental assessments since they have been reported very rarely as 
environmental contaminants. The phosphorus-organic compounds triphenyl phosphate (TPP), 
tris(butoxyethyl)phosphate (TBEP) and tris(2-chloroethyl)phosphate (TCEP) are typical 
representatives of plasticizers (molecular structures are given in figure 10). TPP, TBEP and 
TCEP are mainly used as plasticizers in polymers to improve their elasticity (Rahman and 
Brazel, 2004). Additionally, they are used as flame retardants for example in electronic 
equipment, as additives in hydraulic fluids, lubricating oils and in paints and adhesives (e.g. 
Carlsson et al., 2000 and Marklund et al., 2005). As one example of their toxicological effects, 
TPP is known to inhibit the formation of white and red blood cell in human blood and, therefore, 
to weaken the immune system (e.g. Carlsson et al., 2000 and Saboori et al., 1991). 
Furthermore, it has been reported that TPP may cause contact dermatitis in humans (Carlsen 
et al,. 1986). Overall TPP has a high acute toxicity on aquatic organisms with LC-50 values 
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from 0.4 to 1.1 mg L-1 (Marklund et al., 2005). The chronic toxicity for Daphnia has a NOEC 
(no observed effect concentration) of 0.1 mg L-1 (van der Veen and de Boer 2012). As further 
environmentally relevant parameters TPP exhibits a log Kow value of 4.59 (Fisk et al., 2003) 
and a BCF value of 113 (Van der Veen and de Boer, 2012).  
Phosphorus-organic compounds have been formerly identified as being present in wastewater 
samples. Hence phosphorus-organic compounds, esp. TCEP, have been reported widely by 
several authors in river water (e.g. Ishikawa et al., 1985; Bohlen et al., 1989, Hildebrandt, 
1995), in wastewater treatment plants (Paxéus, 1996; Metzger and Möhle, 2001) and in 
wastewater (Paxéus, 1996; Metzger and Möhle, 2001). Comparable data is measured in this 
study. However TCEP was only detected in the receiving water of one WWTP. In general these 
compounds have high effects on aquatic organisms at low concentrations (Kuhlmann, 1991) 
and TCEP has a high persistence.   
 
 
Figure 10: Formula structure of TPP, TBEP and TCEP. 
 
TPP 
TBEP 
TCEP 
51 
 
A remarkable constituent from the second group of substances, the personal care products, is 
2-ethylhexyl p-methoxy cinnamate which is a UV filter with application in sun screening agents 
(molecular structure see figure 11). This lipophilic compound (log Kow value is about 5.92) was 
used in 1991 in 67 % of all light protection agents (Ternes et al., 2003) and is one of the most 
common UV filters worldwide. Additionally to its usage in sun screening agents, it is a 
constituent for product preservation in many other cosmetic products such as washing lotions 
(Klammer, 2006). A previous study by Schlumpf et al., 2001 revealed that 2-ethylhexyl p-
methoxy cinnamate has estrogenic effects. EC-50 (half maximal effective concentration) for 
acute daphnia toxicity is 0.57 mg L-1 and NOEC is at 0.04 mg L-1 (Sieratowicz et al., 2011). 
The 2-ethylhexyl p-methoxy cinnamate was identified sporadically in a limited number of 
wastewater and river water samples. Another UV protector detected in the investigated 
wastewaters was bumetrizole (2-(5-chlor-2H-benzotriazol-2-yl)-4-methyl-6-(2-methyl-2-
propanyl)phenol) also known as an intermediate in the synthesis of UV light absorbers for 
polyester fibers. Due to its UV-absorbing properties bumetrizole is used as sunscreen agent 
in cosmetics but also for the protection of plastics (e.g. PET bottles) (ChemLin, 2015 and 
Iordanidis et al., 2015). Noteworthy, bumetrizole was solely detected in the influent of one 
WWTP with a capacity of 1,000,000 EP and the treatment of both, municipal and industrial 
wastewater. Further, two anesthetics were identified, propofol and lidocaine (molecular 
structures are given in figure 12). Propofol is an intravenous anesthetic with a rapid onset of 
action after infusion and is known for a low patient recovery time of two minutes (NIH, 2015). 
Propofol was also tested for application in veterinary medicine for various species 
(GholipourKanani and Ahadizadeh, 2013). The log Kow value of this lipophilic compound is 3.79 
(NIH 2015) and the BCF value is 357 (SciFinder, 2015). The acute toxicity for goldfishes LC-
50 has been determined to be 6.34 mg L-1 (GholipourKanani and Ahadizadeh, 2013). Lidocaine 
is a local anesthetic for use in human and veterinary medicine. As an ingredient in ointments 
it is used for local analgesia. In addition, it is used as an anti-arrhythmic agent for the treatment 
of cardiac arrhythmias (NIH, 2015). The log Kow value is 2.44. Lidocaine is also classified as 
harmful to aquatic organisms with an EC-50 value for acute toxicity of daphnia 61 mg L-1. Both 
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anesthetics have been reported rarely in surface waters and wastewaters (Rúa-Gómez and 
Püttmann, 2012). In this study, lidocaine occurred sporadically in wastewater and surface 
water of three WWTP. Propofol has been detected in both sewage water and surface water 
samples and occurred mainly in wastewater samples and isolated in surface water samples, 
pointing to an inefficient removal during wastewater treatment. One further substance is 4-
Chloro-4'-hydroxybenzophenone which is known to be an intermediate for the synthesis of 
fenofibrate, a lipid lowering agent. Its molecular structure is displayed in figure 11. This 
compound is not only used for the preparation of pharmaceutical products but is also as a 
component in synthetic perfumes (Montes-Grajales and Olivero-Verbel, 2015). Regarding its 
environmental relevance, the log Kow value is 0.93 indicating a high hydrophilicity (U.S. 
Pharmacopeia, 2015) and to the authors knowledge there is no information about toxicity or 
environmental behavior. In this study 4-chloro-4'-hydroxybenzophenone was identified 
sporadically in wastewater and at one river water sampling point only for the WWTP with a 
capacity of 35,000 EP. Two nitrogen-containing compounds with interesting molecular 
properties (refer figure 11) were identified but were reported formerly only very rarely as 
aquatic pollutants. The acaricide 2,6-di-tert-butyl-4-nitrophenol (DBNP) belongs to the group 
of pesticides and is particularly suitable for combating mites and ticks (miticide) (e.g. 
Vesselinovitch et al., 1961; Deichmann and Gerarde, 1964). The compound was identified 
additionally as a derivative of 2,6-di-tert-butylphenol (DBP) (Alexander et al., 2001). DBP is 
included as an antioxidant in lubricating oil (turbine oil 2190 T-EP) e.g. used by the U.S. Navy 
submarine fleet (Alexander et al., 2001). The oil mist containing DBP is nitrified to DBNP 
(Alexander et al., 2001). DBP containing lubricating oils are also used in other applications, 
where similar processes of nitrification can occur. Firstly the oxidation of ammonia to nitrite 
and second the oxidation that converts nitrite to nitrate. Hence, DPBN can be discharged via 
wastewater into surface water systems. So far toxicity tests have been carried out only on rats. 
To the authors knowledge there are no investigations of its aquatic toxicity so far. In this study, 
DBPN was identified in both wastewater and surface water samples but the occurrence is more 
dominant in surface water than in wastewater. Thus, a dominant discharge of 2,6-di-tert-butyl-
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4-nitrophenolby into surface water systems from the WWTP was not evident. The second 
nitrogen-containing compound, hexa(methoxymethyl)melamine (HMMM, molecular structure 
see figure 11), is a technical additive used in melamine resins as well as in paints and plastics 
for coatings of cans, coils and cars as a crosslinking agent (Dsikowitzky and Schwarzbauer, 
2015) and is mainly present in industrial discharges to a WWTP. The occurrence of HMMM 
demonstrated the contribution of industrial wastewater discharges to surface water. With a log 
Kow value of 1.61 HMMM is dominant in the water phase,  HMMM has an acute fish and 
daphnia toxicity, but values for the classification of its toxicity on aquatic organisms are 
currently not available (e.g. Labunska et al., 2012; Dsikowitzky and Schwarzbauer, 2015). In 
a previous study of river water samples in Germany HMMM was detected in surface water 
samples with concentrations up to 880 ng L-1 (Dsikowitzky and Schwarzbauer, 2015). The main 
pathway for HMMM is industrial discharges, especially from automotive industry in form of 
process waters (Dsikowitzky and Schwarzbauer, 2015).  In this study HMMM has been 
identified only in one WWTP and river water system for the city with a population of above one 
million. 
4.3.3 Quantitative data for selected organic contaminants 
The wastewater and surface water samples collected from WWTP of different sizes and 
characteristics showed a great variety of substances from different substance classes. The 
substances occurred in all WWTP of varying capacities from small and large areas. Effluent 
samples hold a special position because they clearly indicated the level of treatment of organic 
contaminants by WWTP. However, if substances were detected in the effluent and were not 
detected in surface water samples downstream the WWTP outfall then it was concluded that 
the adsorption on particulate matter and/ or extensive dilution prevented laboratory detection. 
Specific elimination rates for a WWTP depend on the technical capabilities of the WWTP. 
Current wastewater treatment methods do not remove substances effectively (Cizmas et al., 
2015). The occurrence of the substances in the WWTP and surface water systems did not 
follow systematic patterns; substances did not occur evenly in wastewater and surface water 
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samples. Eleven compounds were selected for quantitative analyses (refer Table 11). The 
preselection was based on their specific molecular properties, their representation of the 
structural diversity of organic contaminants in wastewater (refer figure 11) and also on their 
environmental relevance e.g. due to eco toxicological risks. The spectra of substances which 
were selected was representative of different substance groups including: physiologically 
active agents, plasticizers and flame retardants, ingredient of personal care products and 
substances with technically industrial application.  These substances may result from 
emissions of medical, industrial, agricultural and households.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Molecular structures of selected quantified compounds. 
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These substances include nicotine, cotinine, propofol, carbamazepine, lidocaine, 4-chloro-4'-
hydroxybenzophenone and triphenyl phosphate. 4-chloro-4'-hydroxybenzophenone and 
triphenyl phosphate have been investigated very scarcely, e.g. triphenyl phosphate was 
reported as environmental contaminant by Rodil et al., (2005). Concentrations ranged between 
the limit of quantification from <10 ng L-1 up to 12,000 ng L-1 (for 
hexa(methoxymethyl)melamine). The concentrations of these compounds in wastewater 
samples from 16 to 220 ng L-1 and in surface water samples from 14 to 330 ng L-1. Nicotine 
and its metabolite cotinine were identified in two WWTP with low concentrations in the influents 
ranging from 20 to 80 ng L-1.These concentration levels are 40 times lower than detected by 
Buerge et al., 2008. Propofol was detected only in the effluent of one WWTP with a capacity 
of about 500,000 EP. In the downstream surface water samples the concentration of propofol 
decreased downstream the WWTP outfall due to high dilution effects and adsorption on 
particulate matter. Guitton et al., 1997 described the metabolism of up to 10 % of propofol into 
2,6-diisopropyl-1,4-quinol. For this reason the rate of the elimination of the unchanged propofol 
is about 90 % (Kümmerer, 2001). Propofol and its metabolite are supposed to be 
biodegradable in wastewater treatment plants (Kümmerer, 2001). Carbamazepine 
concentrations in wastewater were up to 150 ng L-1. These concentrations are far below the 
predicted non-effect concentration of 420 ng L-1 (Zhang et al., 2008). Studies from Clara et al., 
2004 showed ten times higher concentrations. For the compound diclofenac even low 
concentrations were present. Similar diclofenac concentration in wastewater ranging from 50 
to 500 ng L-1 were identified by Moreira et al., 2015 and Cabeza et al., 2012. However, even 
higher values of up to 1,300 ng L-1 were detected in the effluent of the WWTP with a capacity 
of 1,000,000 EP. Chlorophene values were in range of 1,000 to 1,500 ng L-1 and occurred in 
one WWTP with a capacity of 32,000 EP. The concentrations are higher than the 
concentrations identified by Kasprzyk-Hordern et al., 2009 in one WWTP in 2007. HMMM was 
detected in effluent in one WWTP with a capacity of 1,000,000 EP and in surface water 
downstream of the WWTP outfall with high concentrations ranging from 98 to 12,000 ng L-1. 
High concentrations of HMMM were also detected in Hessian river systems by Eberhard et al., 
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2015. Their data indicated that the contamination of surface water results mainly from surface 
water runoff and industrial wastewater. In contrast, 2-ethylhexyl p-methoxy cinnamate was 
detected below or next to the limit of detection of 10 ng L-1. That corresponds to detections in 
wastewater and surface water from Negreira et al., 2010. 
4.3.4 Differences of the WWTP 
Finally, the appearance and quantitative data of individual contaminants can be discussed with 
respect to the different characteristics of the wastewater treatment plants. WWTP A is the only 
WWTP to receive and treat industrial wastewater. These contributions are indicated by only 
some very few substances, in particular HMMM and TPP appeared in relevant concentrations. 
However, these two contaminants were detected only in samples from inside WWTP A. For all 
other substances identified in this study either the contaminant were detected sporadically or 
there was a widespread occurrence in at least two WWTP pointing to contamination profiles in 
WWTP with generally low specificity. WWTP C has a slightly different characteristic regarding 
the relative water flows. On the one hand the annual sewage flow in relation to its capacity is 
approximately 25 % to 45 % in comparison to WWTP A and WWTP B. This might suggest 
higher concentrations in WWTP C, but the quantitative data for compounds appearing in all 
WWTP (e.g. carbamazepine or diclofenac) did not support this contention because a 
systematic higher concentration level in WWTP C is not evident. Furthermore, the ratio of 
sewage water flow to water flow in the receiving water differs also for WWTP C when compared 
to WWTP A and B, namely, it is 10 to 20 times higher. However, corresponding lower 
concentrations of WWTP C derived contaminants in the river samples was not observed at 
sampling locations downstream the WWTP C outfall.  
4.4 Conclusions 
Screening analyses are highly important for the evaluation of the environmental pollution 
caused by multiple anthropogenic organic contaminants. Non-target screenings of wastewater 
from wastewater treatment plants of varying capacities and from corresponding receiving 
waters were conducted and identified a broad range of organic pollutants. Various load profiles 
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were identified depending on the capacity of wastewater treatment plant, the flow rates of 
receiving waters and individual treatment procedures. The identified compounds were 
classified into common and specific anthropogenic substances and were assigned to a group 
based on their application and usage. Specific contaminants which were detected in all 
wastewater and surface water samples did not follow systematic patterns in frequency or 
occurrence. The selected specific compounds have been reported very rarely as 
environmental pollutants and are clearly candidates for more specific assessments to 
characterise their long-term ecotoxicology. The spectra of contaminants was not related to 
typical characteristics of the WWTP like capacity or water flow. 
Based on the results of this study, it is recommended that non-target screening analyses be 
undertaken to identify the structural diversity of anthropogenic organic contaminants and that 
further investigations on specific anthropogenic compounds be undertaken as a high priority.  
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Table 11: Quantif ication of selected compounds. Concentration in [ng L -1 ].  
Compound 
A B C 
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Physiologically active 
substances and metabolites 
                     
Nicotine        77 17      160       
Cotinine        81 53      98       
Propofol 21 78 57   16  96 130 40  32 15 <10 54 17      
Carbamazepine 64 150 120  31 23 26 62 54 67  330 87 89  82 66 66 85 160 190 
Lidocaine  66   170  16     95 34   79  24  66 62 
Diclofenac m 160 500 
130
0 
  100 73 210    670 330 33 830 800 240 14  38 86 
Chlorophene        
100
0 
140
0 
150
0 
           
4-Chloro-4'-
hydroxybenzophenone 1 
60 200 210         150          
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Plasticizers and flame 
retardants 
                     
Triphenyl phosphate, TPP 220 30 30       62            
                      
Ingredients of personal care 
products 
                     
2-Ethylhexyl p-methoxy 
cinnamate 
<10 <10 15 <10 <10 <10   <10    <10         
                      
Technical industrial 
application 
                     
Hexa(methoxymethyl)melamine, 
HMMM 
310
0 
120
00 
490
0 
 98 170 240               
 
In: sampling point in the inlet of the WWTP, InBio: sampling point in the influent of the biological stage of the WWTP, Out: sampling point in the effluent of the 
WWTP, R1: sampling point in the receiving water 10 m upstream the WWTP, R2: sampling point in the receiving water 0 m downstream the WWTP, R3: sampling 
point in the receiving water 500 m downstream the WWTP, R4: sampling point in the receiving water 1,000 m downstream the WWTP, m  was identified in its 
methylated form due to the derivatization, 1  was quantified by internal calibration
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Table 12: Selected compounds including their application and/ or o rigin and their 
occurrence in wastewater and surface water samples from three WWTP (A, B and C) 
marked by x. 
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Natural fragrances                      
Trans-1,10-dimethyl-
trans-9-decalin 
               x      
2H-1-benzopyran-2-
one, coumarin 
              x       
Diisopropyltrisulfid                x x     
Dipropyltrisulfid    x x x x   x       x     
Hexathiepan  x      x x             
                      
Synthetic 
fragrances 
                     
Galaxolide, HHCB x x x x x x x x x x  x x x x x x x x x x 
Tonalide, AHTN x x x     x x x     x x x     
4-Oxoisophorone, 
2,6,6-trimethyl-2-
cyclohexene-1,4-
dione 
                x     
Methyl 
dihydrojasmonate 
x  x x x x x    x  x x  x  x x x x 
                      
Plasticizer                      
Triphenyl phosphate 
TPP ° 
x x x       x            
Tributylphosphate 
TBP 
x x x x x x x x x x x x x x  x x   x x 
Triethylphosphate 
TEP 
x  x  x   x x         x x   
Tris(butoxyethyl) 
phosphate 
              x       
Tris (2-butoxyethyl) 
phosphate 
x x      x x             
Tris (2-chloroethyl) 
phosphate TCEP 
x x x       x   x    x     
N-Ethyl-2-methyl-
benzenesulfonamide 
NEBS 
 x x          x   x    x x 
N-Butyl benzene 
BBSA 
 x x  x x x x x x  x x x  x   x x  
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Tributylcitrate               x       
Acetyl, itroflex A x   x  x x x       x  x     
Acetyltriethyl         x x            
Ethyl citrate, Citroflex 
2 
x x x  x   x x x   x x x x x x  x x 
Triacetin           x  x x x     x  
                      
Ingredients of 
personal care 
products 
                     
4-iso-Propyl-m-
cresol, Biosol 
       x              
Hexadecyl-2-hexyl 
decanoate, 
SCHERCEMOL 
1688 
x x x  x x  x x x            
N, N, N ', N'-
tetraacetylethylenedi
amine, TAED 
       x x      x  x x    
Tricaprylin  x    x                
Hexahydro-4,7-
methano-1H-indenol 
x       x x      x       
2-Ethylhexyl p-
methoxy cinnamate, 
Parsol MCX ° 
x x x x x x   x    x         
Methoxybenzoic acid 
m 
              x       
1,3-Dicyclohexylurea  x        x   x         
Bumetrizole 
 
 x                    
Flame retardants                      
Tris (2-
chloroisopropyl) 
phosphate TCPP 
x x x x x x x x x x x x x x  x x x x x x 
Tris (1,3-
dichloroisopropyl) 
phosphate TDCPP, 
Fryol FR2 
x        x x  x         x 
                      
Physiologically 
active substances 
and metabolites 
                     
DEET, N, N-diethyl-
m-toluamide 
x x x  x x x     x x   x x x x x x 
Caffeine x    x  x x x x     x   x x x  
2,6-Di-iso-
propylphenol, 
propofol ° 
x x x   x  x x x  x x x x x      
Carbamazepine ° x x x  x x x x x x  x x x  x x x x x x 
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Lidocaine °  x   x  x     x x   x  x  x x 
Nicotine °        x x      x       
Cotinine °        x x      x       
Diclofenac m ° x x x   x x x    x x x x x x x  x x 
Diclofenac amide                 x     
Ibuprofen x       x x x     x x      
1,4: 3,6-Dianhydro-
2,5-di-O-methyl-D-
glucitol 
 x x         x x   x x   x x 
2 - ((2,6-
Dichlorophenyl) 
amino) 
phenylethanol 
 x                    
6-methoxy-2-
naphthylacetic acid m 
x x x         x x x x  x     
4-chloro-1-methoxy-
2- (phenylethyl) 
benzene 
         x            
Chloroindole               x x      
2,6-Dimethylphenyl        x x             
Dipyrone         x             
Chlorophen °        x x x            
4-chloro-4'-
hydroxybenzopheno
ne ° 
x x x         x          
1H-indole-2,3-dione, 
isatin, indole 
derivative 
       x x             
Isopropylbenzoic               x       
                      
Vitamins and 
metabolites 
                     
α-Tocopherol 
acetate, vitamin-E-
acetate 
 x     x    x x      x  x x 
2-Hydroxy-3-methyl-
1,4-naphthalindion, 
phthiokol 
               x      
                      
Pesticides and 
metabolites 
                     
Terbutryn        x x x  x x x    x x   
3-iso-Propyl-5-
methylphenyl 
methylcarbamate 
ITC, promecarb 
        x      x       
5-Chloro-1,10-
phenanthroline 
 x                    
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2,6-Di-tert-butyl-4-
nitrophenol 
x x x   x x   x x x x x    x x x x 
                      
Technically 
industrial 
application / origin 
                     
1-Hydroxycyclohexyl 
phenyl ketone, 
Irgacure 184 
x x x x x x x x x x x x x x  x x x x x x 
2,2-Dimethoxy-1,2-
diphenylethanone, 
DMPA 
     x       x    x x  x x 
Oxodecanoic acid m                 x     
Oxododecanoic acid 
m 
              x       
p-
Chlorbenzotrichloride
, 1-chloro-4-
(trichloromethyl)benz
ene 
               x      
2,6-
Diethoxytetrahydropy
rane 
  x     x x       x      
Methyl 2-
benzoylbenzoate 
               x      
2-Ethylhexyl-2-
ethylhexanoate 
              x       
Phlorobutyrophenon
e 
         x   x x    x  x  
Bisphenol A        x x             
N,N-Dimethyl-1-
tetradecanamine, 
Dimethyl 
myristamine 
       x              
N,N-Di-iso-
propylacetamide 
               x      
2,6-Dichloraniline                x x     
2,3-Diethyl-2,3-
dimethylsuccinonitril 
               x      
N,N-Diethylaniline  x x                   
N,N-
Dibutylformamide 
x x x x x x x     x x x   x    x 
Hexa(methoxymethyl
)melamine, HMMM ° 
x x x  x x x               
S-Methyl 
dimethylthiocarbamat
e 
  x                   
Benzothiazole   x     x     x   x x x x x x 
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2-
Methylthiobenzothiaz
ole 
               x      
Benzenesulfonic 
aniline 
  x  x  x   x  x x x  x x  x   
Cyclohexyl 
isocyanate 
         x       x     
Cyclopentylethanone
, 
  x                   
Citric acid m          x      x x     
Triphenylphosphine 
oxid, TPPO 
 x        x       x     
                      
 
In: sampling point in the inlet of the WWTP, InBio: sampling point in the influent of the biological 
stage of the WWTP, Out: sampling point in the effluent of the WWTP, R1: sampling point in the 
receiving water 10 m upstream the WWTP, R2: sampling point in the receiving water 0 m 
downstream the WWTP, R3: sampling point in the receiving water 500 m downstream the WWTP, 
R4: sampling point in the receiving water 1,000 m downstream the WWTP, m  was identified in its 
methylated form due to the derivatization, °  was identified and quantified with reference material 
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5 Variety of organic constituents in sewage sludge samples from Germany and 
China 
 
 
Abstract 
There is a lack of knowledge in the environmental pollution of anthropogenic contaminants 
in sewage sludge. Anthropogenic organic compounds need special attention, because of 
their potential risk to the aquatic environment. Therefore, gas chromatography-mass 
spectrometry-based screening analyses were performed in order to identify contaminants 
and to reveal information on the variety of individual compounds from Germany and China 
and for characterisation of their environmental behaviour. Sewage sludge samples from 
wastewater treatment plants in Bavaria and North-Rhine-Westphalia in Germany and 
wastewater treatment plants in China, representing various capacities up to 1,130,000 
population equivalents were analysed. Various substances were identified in sewage 
sludge samples. Selected contaminants were discussed according to available information 
about their environmental relevance (e.g. persistence, bioaccumulation potential), their 
possible application or usage and their occurrence within the environmental system. 
Based on the results of this study it is mandatory to establish non-target screening 
analyses as a tool for the identification of the variety of anthropogenic organic constituents 
and to engage further investigations in specific compounds.   
5.1 Introduction 
Sewage sludge is formed during wastewater treatment of industrial or municipal 
wastewater. Municipal wastewater treatment plants (WWTP) receive effluents from 
numerous sources including households, industries, medical services, street and house 
runoff (Harrison et al., 2006). In recent years the amount of sewage sludge increased 
rapidly all over the world (Lillenberg et al., 2009). Therefore, sewage sludge is attractive 
for usage in agriculture as inexpensive nitrogen and phosphorus fertilizer (Wilson et al., 
1996) and soil conditioning material. For the environment it represents recovery and reuse 
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of resources and for wastewater treatment plants, it is the most economic sludge 
management method (Webber, et al., 1996). Sludge may contain several anthropogenic 
organic contaminants, for example pharmaceutical ingredients (Ekpeghere et al., 2017). 
Until the 1980s there was little information about the structural diversity of anthropogenic 
organic contaminants passing through WWTP (Rogers, 1996), but in recent years the 
occurrence and fate of contaminants wastewater and sewage sludge of industrialized 
countries, such as Europe, North America and Australia, have been widely investigated 
and well documented (Jelic et al., 2011; Kasprzyk-Hordern et al., 2009; Lillenberg et al., 
2009; McClellan and Halden, 2010; Radjenovic et al., 2009). However, several compounds 
accumulate in sewage sludge that are existent in wastewater but that are not fully 
degraded during wastewater treatment, because of their chemical properties (Schnaak et 
al., 1997). The concentrations of organic contaminants in bio solids (e.g. sewage sludge) 
can range from the μg kg-1 to the mg kg-1 level (Gobel et al., 2005; Golet et al., 2003; 
Jelic et al., 2011). Sewage sludge is a complex mixture of solid and liquid material that 
results as hazardous waste from primary and secondary treatment processes in WWTP. 
Information about the variety of organic contaminants in sewage sludge samples are pre-
requisites in order to reveal information about eco toxicological impacts and environmental 
behavior. Recent studies showed that treated sewage sludge always contains traces of 
several pharmaceuticals, including antibiotics (Lillenberg et al., 2009). Due to 
inappropriate use, uncontrolled disposal and lack of regulations for several 
pharmaceuticals, the risk of exposure is possibly higher in developing economies. For 
example China is an emerging country that has a high production and consumption of 
pharmaceuticals approximately 1.9 million tons consumption in 2009 (Yan et al., 2014). 
However, only a few studies about the situation in China have been reported (Chang et 
al., 2010; Gulkowska et al., 2008; Li and Zhang, 2011; Lin et al., 2008; Xu et al., 2007; 
Yan et al., 2014). Most of the studies focused solely on the aqueous phase and 
concentrations of the compounds in sewage sludge were rarely determined mainly due to 
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the challenging efforts required in the analysis in this difficult matrix (Jelic et al., 2011). 
Therefore, the variety of organic constituents in sewage sludge samples from Germany 
and China is the objective of this study. Moreover selected contaminants were 
quantitatively assessed to get a more detailed picture about the concentration levels of 
organic constituents in sewage sludge samples.  
5.2 Experimental   
5.2.1 Chemicals and reagents, quality assurance 
In order to prevent and to reduce sample contamination, only glass, metal and teflon 
materials were used. The materials were cleaned ultrasonically and were rinsed with pure 
acetone and n-hexane prior to extraction. Solvents and chemicals used for sample 
processing were purchased from Merck, Germany and were distilled within laboratory 
routines. Solvent purity was tested by gas-chromatographic (GC) analyses. For quality 
assurance, procedural blank analyses in the same way as the sewage sludge samples (as 
described in 2.3) were performed to identify and quantify background concentrations. The 
blanks revealed no contamination by the target compounds. Recovery rates for selected 
substance classes by using accelerated solvent extraction were reported on high levels 
(85 to 110 %). Corresponding standard deviations (relative) were in range of 0.5 to 5 % 
(Richter et al., 1996; Kreisselmeier and Dürbeck, 1997). 
5.2.2 Samples 
Sewage sludge samples were taken in urban wastewater treatment plants (WWTP) of 
varying capacities from 35,000 up to 1,130,000 population equivalents (PE) in Germany 
and China (table 13). German sewage sludge samples were taken from two WWTP in 
North-Rhine-Westphalia (NRW) (WWTP C and D) and two WWTP in Bavaria (WWTP A 
and B) and Chinese sewage sludge samples were taken from two WWTP (WWTP E and 
F) located in Haikou, the capital of Hainan Province. Sewage sludge samples from 
Germany (approximately 500 g) were obtained by a ladle and placed into several 250 mL 
glass vessels with Teflon-lined screw caps. All samples were stored in the dark at a 
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temperature of 4°C until sample preparation. Sewage sludge samples from China 
(approximately 100 g) were obtained by a ladle and placed into aluminum cans and then 
dried at 70°C for 48h.     
Table 13: Characteristics of WWTP A-F. 
WWTP 
capacity 
[PE] 
annual flow 
[m³/y] 
type 
receiving water 
average flow 
[m³/s] 
WWTP 
A 
1,000,000 180,000,000 
municipal and 
industrial 
175 
WWTP 
B 
35,000 4,000,000 municipal 2.0 
WWTP 
C 
500,000 25,000,000 municipal 1.4 
WWTP 
D 
300,000 20,000,000 
municipal and 
industrial 
22.2 
WWTP 
E 
1,130,000 180,500,000 municipal - 
WWTP 
F 
1,130,000 180,500,000 municipal - 
- data was not available 
5.2.3 Extraction 
Accelerated solvent extraction (ASE) cells filled with 10 g sample material and silica gel 
were loaded into an oven where they were filled sequentially with approximately 30 mL 
acetone, acetone/n-hexane 1:1 (v/v) and n-hexane, heated and pressurized (10.35 MPa). 
The cells were held at a temperature of 100°C for five minutes for a static extraction. A 
static valve was opened to release the extracts into a glass flask and the extraction cell 
was flushed and purged with nitrogen (N2). The remaining organic solvent was 
concentrated to approx. 5 mL by rotary evaporation at ambient temperature and then dried 
by using anhydrous sodium sulfate (Na2SO4). After further concentration to approx. 0.5 
mL, activated copper powder was added and the sample was treated ultrasonically for 15 
minutes. The extracts were fractionated using micro glass columns (Baker bond) packed 
with approx. 2 g of anhydrous silica gel as stationary phase which was activated with n-
pentane previously. The fractionation was then made by the stepwise use of 5 mL n-
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pentane, 8.5 mL n-pentane/dichloromethane (v:v; 95/5), 5 mL n-pentane/dichloromethane 
(v:v; 90/10), 5 mL n-pentane/dichloromethane (v:v; 40/60), 5 mL dichloromethane and 5 
mL methanol as eluents according to Schwarzbauer et al. (2000). Fractions one to five 
were spiked with 50 µL surrogate standard solution consisting of d10-benzophenone 
(c=19.8 ng L-1). Acidic compounds in fraction six were derivatised with diazomethane 
solution and spiked with 200 µL surrogate standard solution. Fractions one to five were 
concentrated to 50 µL and the 6th fractions were concentrated to 200 µL at ambient 
temperature. The general preparation scheme is displayed in figure 12. 
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Figure 12: Analytical procedure used for non-target-screening analyses of sewage sludge samples. 
 
5.2.4 Analysis parameter for GC/MS analyses 
GC/MS analyses were performed on a Finnigan Trace MS mass spectrometer (Thermo 
Fisher Scientific, Massachusetts, USA) linked to a MegaSeries 5160 gas chromatograph 
(Carlo Erba HRGC 5160 Mega Series, Milan, Italy) equipped with a ZB-Multi Residue-2  
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capillary column (30 m x0.25 mm I.D. x0.25 μm film) (Phenomenex, Aschaffenhausen, 
Germany). Chromatographic conditions were as followed: 1 μL sample was injected at 270 
°C at a splitless mode and the helium carrier flow rate was 1.03 mL/min. The oven 
temperature started at 60 °C (3 min) and was heated up with 5 °C/min to 300 °C (20 min) 
and then returned to initial conditions. The mass spectrometer was operated in full-scan 
electron impact ionization mode (EI+, 70 eV) with a source temperature of 200 °C, 
scanning from 35 to 700 amu at a rate of 1.5 scans/s. Quantification was based on 
integration of characteristic ion chromatograms (table 14) and an external four-point-
calibration using reference substances. If reference material was commercially not 
available, response factors of chemically similar substances have been used for 
quantification (table 14). The surrogate standard was used for the correction of 
inaccuracies of sample and injection volume. 
Table 14: Quantif ied compounds with characteristic ions [m/z: (m ass-to-charge ratio) 
and surrogate standard. 
compound characteris
tic ions 
[m/z] 
response 
factor [ng 
µL-1] 
   
(Synthetic) fragrances 
  
4,6,6,7,8,8-Hexamethyl-1,3,4,6,7,8-
hexahydrocyclopenta[g]isochromene, Galaxolide, HHCB 
213, 243, 
258 
16.5 
Methyl 2-phenylacetatea 91, 150 23.15 
cis-4- (1,1-dimethylethyl) cyclohexanolb, 4-tert-
Butylcyclohexanolb 
82, 123, 
156 
2.6 
3-Phenylpropanoic acid, Phenylpropanoic acid ma 91, 104, 
164 
23.15 
 
  
Pharmaceutical products and surfactants   
4'-Aminoacetophenonec 92, 120, 
135 
1.8 
Isocyanatocyclohexanee, cyclohexyl isocyanated 67, 82 , 
110, 125 
61.6 
2,3-dimethylnaphthalene-1,4-dionee 76, 129, 
158, 186 
2.3 
LABS_total  5.56 
 
  
Vitaminoids and metabolites   
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2-Methylnaphthalene-1,4-dione, Menadionef 104, 144, 
172 
 
[(2R)-2,5,7,8-Tetramethyl-2-[(4R,8R)-4,8,12-
trimethyltridecyl]chroman-6-yl] acetate, α-tocopherol 
acetate, vitamin E acetate 
165, 430, 
472 
8.75 
2-hydroxy-3-methyl-1,4-naphthalindion, phtiokol 77, 132, 
160, 188 
656.67 
 
  
Plasticizers and flame retardants    
Tris (2-chloroisopropyl) phosphate, TCPP 99, 201, 
277, 326 
43.44 
Triphenyl phosphate, TPP 170, 326 59.68 
2,2'-dichloro-1,1'-biphenyl, PCB-4 152, 187, 
222 
3.5 
Triethyl phosphate, TEP 81, 127, 
155, 182 
247.38 
 
  
Technical Additives   
Naphthalene 128 2.46 
Acenaphthylene 152 3.77 
Acenaphthene 154 3.52 
Fluorene 166 3.33 
Phenanthrene 178 2.95 
Anthracene 178 2.92 
Fluoranthene 202 2.45 
Pyrene 202 2.36 
Benzo[a]anthracene 228 2.59 
Chrysene 228 2.59 
Benzo[b]fluoranthene 252 2.77 
Benzo[k]fluoranthene 252 2.77 
Benzo[a]pyrene 252 2.77 
Indeno[1,2,3-cd]pyrene 276 3.16 
Dibenzo[a, h]anthracene 276 3.16 
Benzo[g, h, i]perylene 276 2.46 
C1-Anthracene/phenanthrene 165, 192 2.95 
C1-Fluoranthene/pyrene 108, 216 2.45 
Di-iso-propylnaphthalenes, DIPN 192, 212 14.6, 6.9 
   
Biogenic origin   
18-Norabieta-8,11,13-triene, dehydroabieting 159, 214, 
256 
289.6 
10,18-Bisnorabieta-5,7,9 (10), 11,13-pentaene, 1,2,3,4-
Tetrahydroreteng 
81, 223, 
238 
289.6 
Coprostanol 388 237.4 
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Cholesterol 388 276.5 
Coprostanone 388 142.5 
Cholestanol 388 237.4 
Cholestanone 388 142.5 
   
 
5.3 Results and discussion 
The subsequent discussion will characterize and summarize most interesting and 
important anthropogenic contaminants detected in sewage sludge samples of Germany 
and China. Thus, the aim of this study is not to give an individual state of environmental 
pollution of WWTP, but to display the variety of organic constituents depending on location 
and characteristics of WWTP. Generally two groups of compounds have been 
differentiated: common contaminants that appear throughout the wastewater and have a 
high environmental stability accompanied by a widespread distribution and specific 
contaminants that characterize sewage sludge affected by wastewater systems and have 
not yet been identified as organic pollutants in this matrix. 
GC/MS non-target screening analyses revealed a wide range of compounds. In total more 
than 150 compounds could be identified in sewage sludge samples. That reflects the high 
structural diversity of contaminants in sewage sludge. Several compounds were selected 
for detailed insight due to their structure and usage. Especially with regard to their 
occurrence in sewage sludge of Germany and China and their environmental fate and 
behavior. Several substances were quantified (table 15). A list of identified and selected 
substances is displayed in table 18. The molecular structures of several quantified 
substances are given in figure 13. Selected compounds were classified into groups 
according to their application. The groups comprise: fragrances, plasticizers and flame 
retardants, physiologically active substances, vitaminoids, technical industrial application 
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or origin and biogenic origin. Additionally to the selected compounds more organic 
compounds were detected, including compounds out of the substance groups of 
aldehydes and ketones, sulfur-containing and nitrogen-containing terpenoids, steroids and 
steranes, carboxylic acids and fatty acid esters and aromatic carboxylic acids and waxes 
and numerous linear alkyl benzenes (LABs), polycyclic aromatic hydrocarbons (PAHs) and 
polychlorinated biphenyls (PCBs). A list of identified compounds classified in substance 
groups is given in table 18. Information about water content and ash content, and the loss 
on ignition of sewage sludge samples are displayed in table 16. 
Table 15: Quantif ication of selected compounds including their application and/ or 
origin and their occurrence in sewage sludge of six WWTP (A-F) from Germany and 
China in mg kg -1dw. 
compound WWT
P A 
WWTP 
B 
WWTP 
C 
WWTP 
D 
WWTP 
E 
WWTP 
F 
       
(Synthetic) fragrances 
      
4,6,6,7,8,8-Hexamethyl-
1,3,4,6,7,8-
hexahydrocyclopenta[g]isochr
omene, Galaxolide, HHCB 
 
28 10 
  
5 
Methyl 2-phenylacetatea 7 
   
46 0.4 
cis-4- (1,1-dimethylethyl) 
cyclohexanolb, 4-tert-
Butylcyclohexanolb 
2 
     
3-Phenylpropanoic acid, 
Phenylpropanoic acid ma 
20 
  
270 
  
       
Pharmaceutical products 
and surfactants 
      
4'-Aminoacetophenonec 0.3 
     
Isocyanatocyclohexanee, 
cyclohexyl isocyanated 
  
7 
   
2,3-dimethylnaphthalene-1,4-
dionee 
  
0.1 
   
LABs_total 55 19 13 20 5 27 
LABs_C10 8 1 2 1 
 
5 
LABs_C11 15 7 4 6 1 9 
LABs_C12 15 5 4 7 2 8 
LABs_C13 16 5 4 5 2 5 
LABs_C14 1 1 
 
   
       
Vitaminoids and 
metabolites 
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2-Methylnaphthalene-1,4-
dione, Menadionef 
 
1 
    
[(2R)-2,5,7,8-Tetramethyl-2-
[(4R,8R)-4,8,12-
trimethyltridecyl]chroman-6-
yl] acetate, α-tocopherol 
acetate, vitamin E acetate 
 
13 
 
320 
 
0.4 
2-hydroxy-3-methyl-1,4-
naphthalindion, phtiokol 
 
46 36 204 586 
 
       
Plasticizers and flame 
retardants  
      
Tris (2-chloroisopropyl) 
phosphate, TCPP 
 
70 
 
19 
  
Triphenyl phosphate, TPP 
 
14 
    
2,2'-dichloro-1,1'-biphenyl, 
PCB-4 
 
0.1 
    
Triethyl phosphate, TEP 
 
269 
 
39 
  
       
Technical Additives       
Naphthalene 0.04 0.02     
Acenaphthene 0.04 0.02 0.01    
Fluorene  0.06 0.01 0.06   
Phenanthrene 0.6 0.4 0.1 0.3 0.07 0.5 
Anthracene 0.1 0.05 0.02 0.04   
Fluoranthene 0.5 0.4 0.1 0.3 0.1 0.6 
Pyrene 0.5 0.4 0.1 0.2 0.1 0.6 
Benzo[a]anthracene 0.05  0.02 0.1 0.07 0.3 
Chrysene 0.06  0.02 0.2 0.2 0.6 
Benzo[b]fluoranthene    0.3 0.1 0.03 
Benzo[k]fluoranthene    0.02   
Benzo[a]pyrene    0.1 0.6 0.05 
Indeno[1,2,3-cd]pyrene    0.1   
Dibenzo[a, h]anthracene       
Benzo[g, h, i]perylene       
C1-Anthracene/phenanthrene    0.2  1.0 
C1-Fluoranthene/pyrene    0.1 0.1 0.9 
Di-iso-propylnaphthalenes, 
DIPN 
2 7 1 18   
       
Biogenic origin 
      
18-Norabieta-8,11,13-triene, 
dehydroabieting 
 
19 
   
9 
10,18-Bisnorabieta-5,7,9 (10), 
11,13-pentaene, 1,2,3,4-
Tetrahydroreteng 
 
12 
    
Coprostanol 3100 650 1100 2000 550 650 
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Cholesterol 7200   370 710 500 
Coprostanone  870 270    
Cholestanol  36 7 810 120 290 
Cholestanone       
       
m was identified in its methylated form due to the derivatization, WWTP: wastewater treatment plant, 
a-g) RF value was determined with structurally related compound 
 
Table 16: Water content, ash content and loss on ignit ion of the WWTP A -F. 
 WWTP A WWTP B WWTP C WWTP D WWTP E WWTP F 
water content 92.6 78.3 97.1 51.5 - - 
ash content 79.6 52.2 59.7 54.7 - - 
loss on ignition 20.4 47.8 40.3 45.3 - - 
- data was not available for sewage sludge samples E and F 
5.3.1 Common contaminants  
Several common anthropogenic contaminants that frequently occur in sewage sludge 
samples were identified. The molecular structures of selected compounds are displayed 
in figure 13. The polycyclic musk compound galaxolide (4,6,6,7,8,8-Hexamethyl-
1,3,4,6,7,8-hexahydrocyclopenta[g]isochromene) (molecular structure is displayed in fig. 
13) was identified and quantified in sewage sludge samples. Due to its high 
bioaccumulation potential and its quantitatively major use in the industry galaxolide 
ubiquitously occurred in environmental compartments. Galaxolide was defined as typical 
wastewater and sewage sludge constituents and was discussed in detail in Dsikowitzky et 
al. (2002) and Ternes et al. (2004). Organophosphorus compounds are also 
representatives of ubiquitous and typical sewage sludge constituents due to their wide 
ranging applications (Bester, 2005). Mainly they are used as flame retardants and 
plasticizers in a large number of consumer products (Regnery and Püttmann, 2010). 
These substances are also used as additives in lubricating oils and hydraulic fluids with 
technically industrial application (Marklund et al., 2005). While the chlorinated phosphor 
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organic substances, for example tris (2-chloroisopropyl) phosphate (TCPP), are mainly 
used as flame retardants, the compounds having no chlorine atoms, such as 
triphenylphosphate (TPP), are mainly used as plasticizers. TCPP is biodegradable 
because it is not fulfilling the criteria of the EU Risk Assessment Technical Guidance 
Document for degradation in WWTP. The predicted fate in WWTP is 97.9 % to water, 2.1 
% adsorbed to sewage sludge, 0 % to air and 0 % degraded (SUMMARY RISK 
ASSESSMENT REPORT, 2008). Numerous compounds of the group of steroids and 
steranes could be detected in the majority of sewage sludge samples from Germany and 
China. Polycyclic aromatic hydrocarbons (PAHs) are a further huge group of substances 
that comprised around 10,000 compounds, several PAHs have carcinogenic, mutagenic 
and toxic effects on human health, organisms and the environment (UBA, 2012). Due to 
their wide spread applications PAHs entry WWTP along different pathways, such as the 
polluted rainwater and process waters from industry. PAHs accumulate because of their 
lipophilic character primarily in sewage sludge (UBA, 2012) and were identified in several 
sewage sludge samples of Bavaria, North Rhine-Westphalia and China. The PAH ratios 
have been calculated in order to determine dominant emission sources. The following 
ratios have been calculated according to Yunker et al: (2002): 
(1) Anthracene / (Anthracene+Phenanthrene),  
(2) Fluoranthene / (Fluoranthene+Pyrene) and  
(3) Benzo[a]anthracene / (Benzo[a]anthracene+Chrysene). 
The calculated ratios (1, 2, 3) suggest a pyrogenic formation of the PAHs with similar 
emission sources. The ratios (1) of 0.11 to 0.17 indicate a significance of street 
contaminations from trucks and gasoline vehicles. All ratios (2) have the same values of 
0.5 and indicate contaminations from tunnels with light duty and urban air. The ratios (3) 
show values from 0.22 up to 0.50 and indicate, as well, contaminations from urban air and 
street contaminations (Yunker et al., 2002). Further common contaminants in sewage 
sludge samples are constituents of the group of linear alkyl benzenes (LABs). After 
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sulfonation of LABs linear alkylbenzene sulfonates (LAS) are produced. Due to incomplete 
sulfonation additionally LABs are permanently present in various products (Schwarzbauer, 
1997). LABs are in contrast to the sulfonated compounds poorly degradable and are 
therefore suitable anthropogenic marker for the entry of urban wastewater into aquatic 
systems (Takada and Eganhouse, 1998). LABs were detected in all sludge samples from 
Germany and China (refer table 15). The ratio of internal to external isomers (I/E ratio) of 
LABs in sewage sludge samples ranged from 0.7 to 2.46. The I/E ratio was used as an 
indicator of LAB degradation level as indicator of human activities related to sewage 
contamination at different locations (Takada and Eganhouse, 1998). This observation 
confirms the lipophilicity and persistence of these compounds and indicates an increased 
bioaccumulation in sewage sludge. 
5.3.2 Specific contaminants  
Additionally to well-known sewage sludge constituents, also rarely reported organic 
contaminants were identified in singular analyses of selected sampling sites. To the 
author’s knowledge the following compounds were very rarely reported as environmental 
organic contaminants thus far. The log KOW values and the bioaccumulation factor (BCF) 
for selected compounds are given in table 17. 
Table 17: The log KOW  values and the bioaccumulation factor (BCF) of selected 
specif ic contaminants.  
compound log KOW BCF 
cis-4-(1,1-Dimethylethyl)cyclohexanola 3.1 47.8 
4'-Aminoacetophenoneb 0.8 3.0 
Isocyanatocyclohexanea 3.1 45.0 
Menadioneb 2.2 1.4 
2,2'-dichloro-1,1'-biphenyla 5.0 3.8 
10,18-Bisnorabieta-5,7,9 (10), 11,13-pentaenea 7.0 4.8 
 
References for log KOW and BCF values: a: ChemSpider, 2016, b: Hansch et al., 1995. 
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Specific contaminants could be identified in various application groups, namely (synthetic) 
fragrances, pharmaceutical products and surfactants, vitaminoids and metabolites, 
plasticizers and flame retardants and compounds with biogenic origin. Four compounds 
have been detected from the group of (synthetic) fragrances, for instance cis-4-(1,1-
Dimethylethyl)cyclohexanol. This compound has a total removal in WWTP of 7.6 %, a total 
biodegradation of 0.13 % and a total sludge adsorption of 6.36 % (ChemSpider, 2016). 
Cis-4-(1,1-Dimethylethyl)cyclohexanol was detected in one WWTP with a capacity of 
1,000,000 PE in Bavaria with a concentration of 2 mg kg-1 dw. Also four compounds have 
been identified from the group of pharmaceutical products and surfactants. One compound 
of this group is 4'-Aminoacetophenone. The log KOW and BCF value according to a 
classification scheme (Franke et al., 1994) indicate that 4'-Aminoacetophenone is not 
expected to adsorb to suspended solids and sediment. However, the potential for bio 
concentration in aquatic organisms is low (Hansch et al., 1995). 4'-Aminoacetophenone 
was detected in other studies in the effluents of a chemical manufacturing plant 
(Shackelford and Keith, 1976) and in raw sewage samples of WWTP (Kong et al. 2008). 
In this study 4'-Aminoacetophenone was identified in one sewage sludge sample of a 
municipal and industrial Bavarian WWTP with a concentration of 0.3 mg kg-1 dw. A further 
compound of this group is isocyanatocyclohexane. Isocyanatocyclohexane’s total removal 
in WWTP is 43.48 %, the total biodegradation is 43.48 % and it has a total sludge 
absorption of 4.79 % (ChemSpider, 2016). Isocyanatocyclohexane was detected in one 
WWTP in NRW with a capacity of 500,000 PE and a concentration of 7 mg kg-1 dw. In the 
group of vitaminoids and metabolites three compounds could be identified. One compound 
is menadione. The menadione production and its use in pharmaceuticals and animal feed 
additives may result in its release to the environment through WWTP. Its former production 
and use in fungicides may have resulted in its direct release to the environment (Laux and 
Nel, 2001; Caricchio et al., 1999). The classification scheme (Swann et al., 1983, Franke 
et al., 1994) and the log KOW value, indicate that menadione is not expected to adsorb to 
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suspended solids and sediment. The potential for bio concentration in aquatic organisms 
is low, as well. Menadione was identified in one Bavarian sewage sludge sample in a 
WWTP with a capacity of 35,000 PE and a concentration of 1 mg kg-1 dw. In the group of 
plasticizers and flame retardants four compounds could be identified. A specific compound 
from this application group is 2,2'-dichloro-1,1'-biphenyl. The total removal of 2,2'-dichloro-
1,1'-biphenyl in WWTP is 77.57 %, the total biodegradation is 0.65 % and the total sludge 
adsorption is 74,96 % (ChemSpider, 2016). 2,2'-dichloro-1,1'-biphenyl was determined in 
one Bavarian WWTP with a capacity of 35,000 PE with concentrations around 0.1 mg kg-
1 dw. Furthermore 18 substances from the application group of technical additives, primary 
polycyclic aromatic hydrocarbons, could be identified. In the group of substances with 
biogenic origin one specific compound is 10,18-Bisnorabieta-5,7,9 (10), 11,13-pentaene. 
This compound is used as a biomarker (Medeiros and Simoneit, 2008). The total removal 
in WWTP is 93.85 %, the total biodegradation is 0.78 % and the total sludge adsorption is 
93.04 % (ChemSpider, 2016). 10,18-Bisnorabieta-5,7,9 (10), 11,13-pentaene could be 
detected in sewage sludge of one Bavarian WWTP with a concentration of 12 mg kg-1 dw. 
Selected compounds from the group of specific anthropogenic contaminants might be 
candidates for more specific risk assessments. 
5.3.3 Quantitative data for selected organic contaminants 
Sewage sludge samples from WWTP of different sizes and characteristics were screened 
for the compounds using known retention times, masses and fragment ions. Several 
compounds were quantified because of their high structural diversity and their eco 
toxicological risks. The elimination rates of WWTP depend on the technical capabilities of 
the WWTP systems. Present wastewater treatment methods do not remove ingredients 
effectively (Cizmas et al., 2015). Several quantified compounds are displayed in figure 13. 
Concentrations were below the limit of quantification for several substances at some 
sampling sites. For the most other compounds the concentrations were between <1 mg 
kg-1 dw (e.g. 2,3-dimethyl-1,4-naphthalindion in one NRW sewage sludge sample) and 586 
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mg kg-1 dw (for phtiokol in one Chinese sewage sludge sample). The quantified 
compounds belong to the groups of (synthetic) fragrances, pharmaceutical products and 
surfactants, vitaminoids and metabolites, plasticizers and flame retardants, technical 
additives and biogenic origin. The synthetic fragrance galaxolide could be identified and 
quantified in three locations in NRW and Bavaria in Germany and in one Chinese sewage 
sludge sample with concentrations ranging from 5 to 28 mg kg-1 dw. These concentration 
levels are more than eight times lower than detections from Ternes et al. (2004) and in the 
same concentration range with detections from Stevens et al. (2003). Methyl 2-
phenylacetate and cis-4-(1,1-dimethyl) cyclohexanol could be identified in singular 
analyses from one German WWTP with municipal and industrial wastewater with 
concentrations lower than 10 mg kg-1 dw. Phenylpropanoic acid could be identified in two 
municipal and industrial German WWTP with concentrations ranging from 20 to 270 mg 
kg-1 dw. Quantified pharmaceutical products and surfactants could be determined in all 
WWTP with concentrations lower than 1 mg kg-1 dw up to 16 mg kg-1 dw for single LABs. 
Menadione could be identified in one Bavarian WWTP with a concentration of 1 mg kg-1 
dw. Vitamin E acetate (α-tocopherol acetate) could be determined in two countries with 
concentrations ranging from <1 mg kg-1 dw up to 320 mg kg-1 dw in one WWTP of NRW. 
One more compound phtiokol could be identified in four locations with concentrations from 
36 mg kg-1 dw to 586 mg kg-1 dw in one Chinese WWTP. Phtiokol could also be identified 
in sediments of German rivers by Ricking et al. (2003). Tris (2-chloroisopropyl) phosphate 
could be identified in one Bavarian and one NRW WWTP in Germany with concentrations 
in the range of 19 to 70 mg kg-1 dw. The concentration range is 10 to 30 times higher than 
concentrations identified by Bester (2005). Triphenyl phosphate could be identified in one 
Bavarian WWTP. Triphenyl phosphate has been investigated very scarcely and was 
reported as environmental contaminant by Rodil et al. (2005). Triethylphosphate as one 
candidate for substances from technical application and two substances from biogenic 
origin could be identified in singular analyses. PAHs within the group of technical additives 
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and DIPN could be identified. The concentrations of PAHs were in range of 0.01 mg kg-1 
dw to 0.6 mg kg-1. DIPN could be identified in all German WWTP with concentrations from 
1 mg kg-1 dw to 18 mg kg-1. Substances of the application group of plasticizers and flame 
retardants could not be detected in Chinese sewage sludge samples. However, quantified 
substances showed no systematic pattern, not within German samples and not within 
Chinese samples, respectively. The concentration values of samples from Bavaria, NRW 
and China were on the same level. 
 
 
Figure 13: Molecular structures of selected quantified compounds. Full chemical names are displayed in table 
15. 
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5.3.4 Differences of the WWTP in China and Germany 
In conclusion, the appearance and quantitative data of individual substances can be 
discussed with respect to the different characteristics of the WWTP. WWTP A and WWTP 
D have contributions from industrial wastewaters. These contributions are indicated by 
singular substances, in particular Tris (2-chloroisopropyl) phosphate and 
Triethylphosphate appeared with significant concentrations. However, these two 
contaminants were detected only in one NRW WWTP. For the other substances identified 
in this study either only a very sporadically appearance or a widespread occurrence in at 
least two WWTP from China and Germany could be observed pointing to contamination 
profiles in WWTP with generally low specificity. WWTP A, WWTP E and WWTP F have 
slightly different relative water flows. On the one hand the annual water flows in relation to 
the capacities are up to 25 % higher in comparison to WWTP B, C and D. This might imply 
lightly higher concentrations in WWTP A, E and F, but the quantitative data for compounds 
appearing widespread in all WWTP (e.g. Methyl 2-phenylacetate or vitamin E acetate) do 
not support this assumption. One higher concentration level for the substance phtiokol 
could be identified in WWTP E. Systematic higher concentration levels in WWTP A, E and 
F are not evident.  
5.4 Conclusions  
Non-target screening analyses are highly important for the evaluation of the environmental 
pollution caused by multiple anthropogenic organic contaminants. In this study, screening 
analyses of sewage sludge samples from wastewater treatment plants of varying 
capacities and characteristics in Germany and China were conducted to identify a broad 
range of anthropogenic organic pollutants at different locations. Various anthropogenic 
contaminants were identified. Selected compounds were classified into common and 
specific anthropogenic substances depending on their recognition and their incidence and 
were assigned to their group of application and usage. Specific contaminants have been 
detected in several sewage sludge samples. The selected specific compounds have been 
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reported very scarcely as environmental pollutants in sewage sludge and are noticeably 
candidates for more specific assessments including long-term ecotoxicological effect 
characterization. The spectra of contaminants was not related to classic characteristics of 
the wastewater treatment plants like capacity or water flow. Based on the results of this 
study, non-target screening analyses should be established as tool for the identification of 
anthropogenic organic constituents and further investigation of specific contaminants and 
in the challenging matrix sewage sludge. Further investigations in risk assessments are 
recommended. 
 
Table 18: Identif ied compounds according to their substance group in sewage sludge 
of six WWTP (A-F) from Germany and China marked by x.  
compound WW
TP A 
WW
TP B 
WW
TP C 
WW
TP D 
WW
TP E 
WW
TP F 
 
      
Aldehydes       
3,5-Di-tert.-butyl-4-hydroxybenzaldehyde  x x   x 
(E) -3,7-Dimethyl-2,6-octadienal  x x    
2,10-Dimethyl-9-undecanal  x x     
      
Ketones       
4'-Aminoacetophenone x      
2,6-Di-tert.-butyl-4-ethylidene-2,5-
cyclohexadiene-1-one 
  x    
2,3-Dimethyl-1,4-naphthoquinone  x x    
2,6-bis (1,1-tert.-butyl) -2,5-
cyclohexadiene-1,4-dione 
 x x    
6,10-Dimethyl-5,9-undecadien-2-one  x x    
6,10-Dimethyl-2-undecanone   x    
6,10,14-Trimethyl-2-pentadecanone  x  x   
3,5-Dimethyl-2-cyclohexen-1-one x    x x  
      
 
      
Hydrogenated polycyclic aromatic 
compounds 
1,2,3,4,5,6,7,8-octahydrophenanthrene 
 x     
1,2,3,4-tetrahydro-1,1,6-
trimethylnaphthalene 
 
x 
    
7-isopropyl-1,1,4a-trimethyl-1,2,3,4,4a, 
9,10,10a-octahydrophenanthrene 
  x    
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(1S-cis) -1,2,3,5,6,8a-hexahydro-4,7-
dimethyl-1- (1-methylethyl) naphthalene 
 x x    
 
      
Alcohols & Phenols       
2,3-Dihydrofarnesol  x     
Methylphenol x x  x  x  
      
Nitrogen-containing compounds       
Methylindole, skatole x x x x   
Isocyanatocyclohexane   x     
      
Phosphate-containing compounds       
Triethylphosphate, TEP  x     
Tris(2-chloroisopropyl)phosphate, TCPP  x  x   
Triphenylphosphate, TPP  x      
      
Halogenated compounds       
2-Benzyl-4-chloro-1-methoxybenzene   x    
2,2'-dichloro-1,1'-biphenyl, PCB-4  x     
2,3'-dimethyl-1,1'-biphenyl  x  x   
4-tert.-Butylcyclohexanol x      
2,3-Dihydro-1,1,3-trimethyl-3-phenyl-1H-
indene 
 x     
 
      
Vitaminoids and metabolites       
Menadione  x     
α-Tocopherol acetate, vitamin E acetate  x  x  x 
2-Hydroxy-3-methyl-1,4-naphthalenedion, 
Phtiokol 
 x x x x  
 
      
Biogenic compounds       
Cholestane x  x x x  
Cholesten x  x  x  
Cholestadiene x x x x x  
Cholestanon  x    x 
Cholestanol  x x  x x 
Cholesterol  x x  x x 
Cholest-5-en-3-ol x   x x  
Cholest-5-en-3-ol carbonochloridat, x x  x   
Cholest-4-en-3-one x x x   x 
Cholesta-4,6-dien-3-one  x     
Stigmastan x   x x x 
Stigmastanol   x    
Stigmasta-5,22-dien-3-ol acetate, x x  x  x 
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beta-sitosterol   x   x 
gamma-sitosterol, clionasterol x      
Ergosta-4,6,22-triene x x x    
Ergosta-5,24-dien-3-ol acetate, x      
3,5-cyclo-6,8 (14), 22-ergostatrien x      
20-methylene-pregn-5-en-3b-ol acetate x x x    
3-acetoxy-17-methoxycarbonyl-androst-
6,15-diene 
 x     
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6 General conclusions and outlook 
In this study, the environmental compartment water, especially wastewater, is analyzed in 
detail with respect to anthropogenic contaminants. A special focus is set on different 
approaches and procedures for further analyses of this difficult matrix. Special priority is 
given on the differentiation between method development and target screening, 
respectively, non-target screening analyses. Additional attention is put on the evaluation 
of the environmental burdens caused by multiple anthropogenic compounds. Analyses are 
conducted in surface water, wastewater and sewage sludge to obtain an overall picture of 
the environmental pollution caused by anthropogenic pollutants. Thus, a distinction 
between the anthropogenic contaminations in different matrices can be monitored. 
Evaluation of anthropogenic impacts is facilitated on the one hand by developing simple 
multi-parameter methods analyzing multiple biocides in various matrices and on the other 
hand by non-target screening analyses of surface water, wastewater and sewage sludge. 
Along with qualitative and quantitative GC/MS measurements, the monitoring of selected 
biocides and identifying a broad range of anthropogenic organic contaminants are 
achieved. Furthermore, several compounds are classified into common and specific 
anthropogenic substances and selected compounds are assigned to their group of 
application and usage. Results are set in relation to basic characteristics (capacity and 
water flow) of wastewater treatment plants. 
Two simple multi-parameter methods for the extraction of water samples (wastewater and 
surface water) and sewage sludge samples coupled to GC/MS are successfully applied 
for the identification and quantification of eight exemplary target biocides for monitoring 
purposes. The feasibility for a broad range of organic substances in various matrices as 
well as the facilitated applicability in numerous research laboratories and institutions are 
major advantages of the developed monitoring methods. The results of application to 
individual samples from surface water, wastewater and sewage sludge revealed 
sporadical contaminations of target biocides. No harmful impact of the monitored biocides 
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on the aquatic environment can be expected for the studied locations. The separation into 
diastereomers of two target biocides, cyproconazole and propiconazole, are achievable 
and therefore, indication for biodegradation might be possible by diastereomer specific 
GC/MS analyses (chapter 3). 
Additionally, non-target screening analyses are essential for the evaluation of 
anthropogenic impacts on environmental compartments and allow the implementation of 
sustainable water management strategies. Analyses are performed for the identification 
and quantification of a broad range of organic compounds. Selected substances are 
classified into common and specific compounds and are assigned to their group of 
application and usage. Common contaminants are ubiquitously distributed and are 
therefore detected in several samples. However, also specific contaminants, which have 
been rarely reported as environmental contaminants, have been detected in the majority 
of the samples. Especially the specific compounds are clear candidates for more specific 
assessments, including long-term eco toxicological effect characterization. Nevertheless 
the results are set in relation to basic characteristics (capacity and water flow) of 
wastewater treatment plants to get the big picture of contamination. (chapter 4 and 5).  
This study demonstrates the significance of screening analyses and various approaches 
for the evaluation of environmental pollution by anthropogenic compounds. Based on the 
results it is mandatory to establish screening analyses as a tool for the identification of the 
variety and structural diversity of anthropogenic organic constituents. Further 
investigations in specific compounds are also paramount for assessments including long-
term eco toxicological effect characterization. Moreover, the indication for biodegradation 
might be possible to be followed by diastereomer specific GC/MS analyses since microbial 
transformations are often reflected by stereo chemical shifts. The analyses of stereo 
chemical changes provide a powerful tool for complex environmental processes. Various 
procedures and approaches are important in order to obtain an overall picture of the 
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compartment water. Special knowledge and expertise is necessary in order to analyze the 
results and, above all, to interpret them. 
Based on the presented results future investigation objectives arise. The extended impact 
of screening methods is shown by the results of anthropogenic contamination of surface 
water, wastewater and sewage sludge samples from various wastewater treatment plants 
and corresponding receiving waters. Detections from a greater number of wastewater 
treatment plants and various types of wastewater treatment plants, including specific 
characteristics, and corresponding receiving waters are important in order to continue to 
provide the overall impression of contamination and to create improvement and efficiency 
in water treatment processes. 
This study demonstrated the significance of various screening methods for the evaluation 
of the environmental pollution caused by anthropogenic organic compounds. 
Anthropogenic loads in various matrices become important when assessing the risk posed 
by these contaminants in water systems. Environmental relevance and spectra of 
contaminants arises, partially depending on characteristics of wastewater treatment plants 
and their individual treatment processes. 
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